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PREFACE 


This  report  describes  work  performed  at  Avantek,  Inc.,  under  Contract 
Number  N0001 4-75-C-ll 63 . Funding  for  the  program  was  provided  by  Naval 
Electronic  Systems  Command  and  Naval  Air  Systems  Command.  Mr.  Eliot  D. 
Cohen  of  Naval  Research  Laboratory  was  the  Scientific  Officer. 

The  results  of  the  29-month  program  are  presented  in  this  report.  The 
objective  of  Phase  I,  the  first  12  months,  of  this  program  was  to  develop 
both  FETs  and  multistage  amplifiers  covering  the  7-15  GHz  frequency  range 
A 0.5  micron  gate  FET  was  successfully  developed  and  the  amplifiers  were 
delivered  on  schedule.  Work  on  this  portion  of  the  program  is  described 
in  detail  in  the  annual  report  issued  in  November  1976. 

The  objectives  of  Phase  II  were  to  develop  both  devices  and  multistage 
amplifiers  capable  of  operating  over  the  frequency  ranges  of  10.7-18  GHz 
and  7-18  GHz.  A 0.5  x 300  micron  GaAs  FET  with  a noise  figure  of  2.5  dB 
and  associated  gain  of  7 dB  at  18  GHz  was  produced.  In  addition,  all 
required  amplifiers  were  delivered  with  most  specifications  met  or 
exceeded. 
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I.  FET  DEVELOPMENT 

A.  INTRODUCTION 

During  the  first  phase  of  this  contract  (June  1975  - June  1976), 
it  was  demonstrated  that  KU  Band  transistors  were,  indeed,  feasible.  By 
the  end  of  the  first  year  FETs  with  noise  figures  of  4.2  dB  and  5 dB  gain 
had  been  achieved  at  18  GHz.  At  9 GHz  the  noise  figure  was  2.8  dB  with 
about  8 dB  gain.  This  performance,  while  fairly  impressive,  was  not  ade- 
quate to  build  a 7-18  GHz  amplifier  which  would  meet  all  specifications  at 
18  GHz.  Losses  from  couplers,  limiters,  cables,  connectors,  etc.,  are  suf- 
ficient to  increase  the  4.2  dB  noise  figure  to  over  10  dB  at  the  maximum 
temperature  (+65°C). 

By  the  end  of  Phase  II  (Nov.  1977),  the  noise  figures  at  18  GHz  had  been 
reduced  to  3.2  dB  and  the  net  module  gain  had  been  increased  to  8 dB.  This 
resulted  in  an  amplifier  which  had  a noise  figure  between  5 and  6 dB  at 
18  GHz.  Thus,  the  main  thrust  of  the  FET  work  in  Phase  II  was  devoted  to 
reducing  device  noise  figures  and  increasing  gain.  Due  to  the  very  heavy 
effort  in  this  direction,  particularly  in  implantation,  it  was  necessary 
to  reduce  effort  in  others,  such  as  the  development  of  a dual  gate  FET. 
Feasibility  of  a dual  gate  FET  was  demonstrated  in  Phase  I,  when  devices 
with  over  30  dB  age  range  were  built.  The  dual  gate  FET  mask,  however,  was 
defective  and  a new  mask  would  have  been  necessary  if  dual  gate  FETs  were 
to  be  used  in  Phase  II.  Since  our  mask  vendor  has  limited  capability  in 
sub-micron  devices,  we  decided  to  concentrate  on  low  noise,  high  gain, 
single  gate  FETs.  An  adequate  leveler  using  PIN  diodes  was  used  in  the 
final  amplifiers. 

B.  NOISE  FIGURE  REDUCTION 

In  a paper  by  Hewitt,  et  al  [1],  Fukui  developed  an  empirical 
equation  for  noise  figure  of  FETs.  The  equation  is  particularly  useful 
since  it  demonstrates  the  relative  importance  of  how  certain  FET  parameters 
affect  noise  figures.  While  we  do  not  agree  entirely  on  the  exact  form  of 
the  equation,  it  is  still  the  only  really  useful  one  extant.  All  other 
forms  are  either  too  simplified,  or  else  contain  inaccessible  parameters. 
The  equation  is  as  follows: 
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Equation  1 


F = 1+KfL 
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Where: 

K = noise  coefficient,  =.033  for  good  FETs 

f = frequency  in  GHz 

L = gate  length  in  microns 

N = free  carrier  concentration,  X1016cm"3  in  active  channel 
a = active  layer  thickness  under  gate  in  microns 
w = unit  gate  width  in  mm 
p = gate  metal ization  resistivity  X10-6ncm 
h = gate  metal ization  thickness  in  microns 
Lsg  = spacing  between  gate  and  source  in  microns 
ax  = thickness  of  channel  between  source  and  gate  in  microns 

Rc  = specific  contact  resistivity,  X10-6ncm2  (for  source  and 

drain  contacts) 

a2  = thickness  of  channel  under  source  in  microns 

The  three  terms  inside  the  brackets  can  be  identified  as  the  gate  metal  loss, 
the  source-to-gate  channel  resistance  loss,  and  the  contact  resistance  loss. 
For  purposes  of  relating  this  equation  to  an  equivalent,  circuit,  Eq.  1 can  be 
rearranged  somewhat. 


F = 1+KfL5/6 
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N 
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Where: 


rm  = gate  metal  resistance  = 


R$g  = resistance  of  channel  between  source  and  gate 


L 1.8  L 

qA  ' -A  5 1f  = 3500 


Equation  1A 


Equation  2 


Equation  3 
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Equation  4 

Note  several  assumptions  which  do  not  appear  in  the  reference. 

1.  Drift  mobility  (y^)  is  3500 

2.  Gate  resistance  is  for  a gate  u>  wide  with  only  one  feed  point 

Our  profiles  of  mobility  indicate  that  3500  is  a reasonably  good  value  for 
LPE  mobility,  but  somewhat  on  the  low  side  for  implanted  FETs.  For  devices 
with  different  gate  feed  systems  rm  must  be  modified.  A tee  geometry  requires 
that  rm  be  divided  by  4,  etc.  Each  of  the  terms  in  Fukui's  equation  will  now 
be  discussed. 

The  noise  coefficient  seems  to  be  very  close  to  a minimum  value.  We  have 
observed  numerous  devices  with  values  of  K greater  than  0.033,  but  very  few 
with  K's  less  than  0.033.  The  N/a  term  implies  that  light  channel  doping 
and  thick  channels  are  best  for  low  noise.  We  do  not  believe  that  this  term 
is  correct.  Our  lowest  noise  devices  have  been  built  with  N>1 0 1 7 and  a 
<0.15um.  It  may  be  that  there  is  less  intervalley  scattering  in  heavier  doped 
channels,  which  in  effect  reduces  K.  K is  determined  by  first  measuring 
the  noise  figure,  and  then  the  accessible  parameters,  VIZ: 

L Microscopic  examination,  electronic  micrometer  (filar) 

N Profile  of  test  pattern  diode 

a Profile  of  test  pattern  diode 

p Measurement  of  test  pattern 

h DeK-TAC  measurement 

L$g  Microscopic  examination,  electronic  micrometer 

a^  ,a£  Same  as  "a" 

R,  Contact  resistance  test  pattern 


ii.  = average  drift  mobility 

R = contact  resistance 
con 

i/3T 

a)  V RuNa2 
; if  ud  = 3500 


-i/¥c 

~.  1 8R_ 


1 

O) 


Na, 
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With  these  data  plus  the  noise  figure,  a value  for  K can  be  inferred. 


I 


The  metal  resistance  term  is  very  important.  It  was  investigated  in  con- 
siderable detail  on  an  ECOM  Program  [2]  which  ran  concurrently  with  Phase  II 
of  this  program.  If  a gate  has  a single  feed  point,  the  resistance  between 
the  gate  and  the  channel  is: 

rm  = j (resistance  from  feed  point  to  end  of  gate) 

= T fh*  rl  Equation  5 


If  there  is  more  than  one  feed  point,  or  more  than  one  gate  section,  Eq.  2 
must  be  modified.  Figure  1 shows  the  appropriate  equation  for  rm,  in  several 
geometries. 

As  was  pointed  out  in  Phase  I,  the  interdigitated  geometry.  Fig.  ID,  can 
reduce  rm  to  an  arbitrarily  low  value.  Unfortunately,  there  are  also  some 
offsetting  disadvantages  to  the  interdigitated  layout. 

• Pad  capacitance  is  high  due  to  the  interconnecting  metal. 

• Gate  pad-to-source  capacitance  is  higher  since  the  source 
and  gate  metal  are  close.  This  was  encountered  with  the 
Ml 03  in  Phase  I. 

• The  isolated  drains  must  be  bonded  individually,  which 
results  in  a relatively  complex  and  costly  bonding  scheme. 

During  Phase  II  we  introduced  two  new  geometries,  the  M104  (Fig.  IB)  and  the 
Ml 07  (Fig.  1C).  The  reasons  for  adopting  these  geometries  were  the  large 
parasitic  capacitance  associated  with  the  gate  pad  in  the  Ml 03.  We  can  com- 
pare r as  follows: 
m 
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J_  . £ . = 6.67  £ 

,c\2  h .5  h 


mi  04  r = £ . Ib.u  = 05  £ 

MIU4  rm  12  h .5  " h 


„ _ 1 p 300  . 
m 48  h .5 


12.5  £ 


Thus,  for  a given  £,  the  M103  has  an  advantage  in  lower  resistance.  However, 
during  the  same  interval,  we  investigated  improving  both  p and  h.  The  bulk 
conductivity  of  pure  gold  is  about  4.1  x 10-5  mhos/cm.  Plated  gold,  such  as 
is  used  for  gates,  can  vary  in  conductivity  40  to  90%  of  bulk  or  1.64  to  3.7 
mhos/cm.  In  general,  "bright"  gold  is  poorer  in  conductivity.  Through  experi- 
mentation, we  were  able  to  increase  the  conductivity  from  40%  to  70%  bulk.  At 
the  same  time,  we  increased  h from  0.25  ym  to  0.5  ym.  (We  are  presently 
increasing  it  still  further  to  over  1 ym.)  If  we  now  compare  the  104  and  107 
with  new  metal  to  the  103  with  old  metal,  the  resistance  is  as  follows: 


Ml 03  r = 6.67  LP9.X.10~6  = ] 49fi 

m .25xl0-4  l,WB 


M’04  rn.  ’ -Z5  -5^-^  ■ I-™ 


Ml 07  r = 12.5  3.48xl0'6  . 0 87n 

m .5xl0-4 


Therefore,  by  increasing  the  conductivity  and  metal  thickness,  we  were  able 

(in  the  case  of  the  Ml 07)  to  actually  reduce  r . 

m 


The  Ml 04  and  Ml 07  geometries  are  shown  in  Figs.  2 and  3.  As  shown  in  the  cal- 
culation, the  Ml 04  has  a 150  x .5  urn  gate  and  the  Ml 07  has  a 300  x 0.5  urn 
gate. 


At  this  point,  it  will  be  necessary  to  digress  slightly  to  explain  in  more 
detail  the  reasons  for  introducing  the  M104  and  M107  geometries.  During  the 
early  part  of  Phase  I,  measurements  of  the  metal  indicated  the  necessity  for 
multiple  gates  and  the  first  designs  were  of  that  type.  However,  the  Ml 03 
(Fig.  4)  and  earlier  designs  always  fell  short  on  gain,  particularly  at 
higher  frequencies.  The  problem  was  traced  to  parasitic  gate  capacitance  of 
two  kinds.  Figure  4 shows  how  the  gate  metal  is  close  to  the  source  which 
introduces  a parasitic  capacitance  of  about  .07  pFs  in  the  M103.  In  addition, 
the  gate  pad  has  an  area  60  times  that  of  the  active  gate  itself.  It  can  be 
shown  that  the  total  gate  capacitance  is  [2]  as  follows: 


Ci  Total  = C 
gate  gs 


buff 


acti ve 


1/2 


+ C + C . 

sw  mi  sc  Equation  6 


Where: 

Ap  = area  of  gate  pad 

Ag  = area  of  active  gate 

Nbuff  = doPin9  level  in  region  under  gate  pad 

Nactive  = doP’n9  ^evel  in  region  under  active  gate 

C$w  = side  wall  capacitance 

Snisc  = metal  capacitance,  etc. 
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Ml  03  GEOMETRY 


If  the  buffer  is  about  10  pm  thick,  and  Nbuff  * 1014,  normal  bias  will  not 


v*  Cgs 


deplete  the  buffer  completely.  At  0 

fio14)  1/2 


0.17  pF  for  the  Ml 03;  then: 


gs 


0.17 


1 + 60 


1017 


+ .07 


= 0.56  pF  + or  3.35  times  normal. 

The  Ml 04  geometry  was  the  first  attempt  at  reducing  Cgs. 

• Smaller  gate  pad 

• Gate  separated  from  source  metal 

• Lower  N,  thinner  buffer  (or  none) 

The  first  run  of  Ml 04 1 s showed  Cgs  of  close  to  0.1  pF  which  is  correct  for  a 
device  that  size  on  1017  material.  We  will  now  return  to  the  Fukui  noise 
equation  and  the  other  parameters  controlling  noise  figure.  The  second  term 
in  the  bracket  is  the  source-to-gate  resistance  (Eq.  1A).  For  this  part  of 
the  discussion,  refer  to  Fig.  5. 

In  Phase  I all  of  the  FETs  fabricated  had  a uniform  cross-section;  i.e., 

8 = 8^  a2>  The  resistance,  R$g,  can  be  reduced  in  a number  of  ways. 

• Increase  ax 
9 Reduce  L$g 

• Increase  N in  region  between  gate  and  source  to  increase 
conductivity. 

All  three  of  these  techniques  have  been  tried  in  Phase  II.  Both  the  Ml 04  and 
M107  have  reduced  Lgg  (from  1.1  to  0.7  pm).  The  thickness  of  the  channel  (a^) 
was  also  increased,  and  the  region  under  the  gate  etched  down  to  give  the 
desired  active  channel  thickness.  As  a result  of  the  "etched-down"  gate  tech- 
nique, RSg  was  reduced  50%. 

Some  of  the  best  devices  we  have  built  today  utilize  this  technique.  There 
are,  however,  some  difficulties  associated  with  the  system.  First  of  all, 
the  proper  etch  system  is  important.  Different  etches  result  in  different 
cross-sections  (Fig.  6).  The  third  system  seems  to  work  best,  but  absolutely 
accurate  alignment  is  necessary.  If  the  gate  touches  the  sides  of  the  trough, 
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Figure  5 

FET  Cross-Section  Using  Fukui'.s  Notation 


Figure  6 

FET  Gates 

Type 

Remarks 

A.  Standard 

Simple 

B.  "Vee" 

High  Cgs 
Low  Rs 

C.  Recessed  A 

Low  Rs 
Med  C 

D.  "Tee" 

Low  r 

m 

E . Mushroom 
(plated) 

Low  r 

m 

F.  Recessed  B 

High  C 
Low  Rs 

G.  Modified  Vee 

Med  Cgs 
Short  Lg 

a large  parasitic  capacitance  results  which  reduces  gain  and  increases  noise 
figure.  Even  when  the  gate  is  not  touching  the  sides  of  the  trough,  the 
output  capacitance,  Cg(J,  is  increased.  This  is  because  the  total  charge  in 
the  region  next  to  the  gate  is  increased.  As  a result,  the  gate-drain 
depletion  layer  is  restrained  from  moving  towards  the  drain.  Devices  with 
this  type  of  gate  show  reduced  noise  figure  and  slightly  reduced  gain.  It  is 
possible  that  the  increased  C ^ results  in  negative  feedback  that  reduces 
noise  figure,  particularly  at  lower  frequencies.  At  6 GHz,  noise  figures  as 
low  as  1.25  dB  have  been  obtained  with  "etched  down"  gates. 


The  third  term  in  the  brackets  in  Eq.  1A  is  the  contact  resistance  loss. 


con  ” oj  V quNa, 


Equation  7 


Contact  resistance  can  be  improved  by  (u  kept  constant): 

• Increasing  channel  thickness,  a2 

• Increasing  N 

• Increasing  y 

• Reducing  Rc>  contact  resistivity 

The  etched-down-gate  process  described  earlier  allows  an  increase  in  a2,  which 
helps  reduce  contact  resistance.  What  is  not  apparent  from  Eq.  4 is  the  effect 
of  contact  penetration.  If  the  layer  is  very  thin  to  begin  with  (a2<-2ym),  the 
contact  penetration  may  reach  all  the  way  to  the  buffer  and  contact  is  only 
through  the  sides  of  the  contact.  Thus,  a thick  layer  under  the  source  is 
doubly  important. 

i 

Selective  implantation  and  grown  N+  layers  have  both  been  used  to  increase  N 
and  reduce  contact  resistance.  Both  processes  require  that  the  region  under 
the  gate  be  etched  away  to  get  usable  breakdowns.  Etching  is  very  critical, 
but  the  results  can  be  worthwhile  in  terms  of  the  superior  performance. 

The  effect  of  mobility  on  contact  resistance  is  probably  a second  order  effect. 
No  serious  attempt  was  made  to  manipulate  this  parameter. 
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Contact  resistivity  is  a major  variable  in  FET  performance.  It  is  known  to 
vary  with: 


• the  metal  system  used 

• the  metal  overlay  used 

• alloy  time  and  temperature 

• cleaning  procedure  used 

• metal  deposition  method 

Not  all  the  variables  in  this  system  are  perfectly  understood  as  yet.  The 
Ti/W-Au  overlay  on  a Au/Ge  contact  will  usually  give  a contact  resistivity 
of  2 - 4 x 10"6ucm2  on  1017  material.  Contact  resistivity  is  much  more  con- 
sistent on  thick  material,  indicating  the  contact  penetration  may  be  the 
variable. 

C.  MOBILITY 

The  foregoing  discussion  based  on  Fukui's  equation  assumed  a drift 
mobility  of  3500.  However,  the  all-important  factor  here  is  the  mobility 
at  the  interface  between  the  active  layer  and  the  layer  underneath,  whether  it 
be  a substrate  or  buffer.  The  role  of  mobility  is  explained  as  follows.  For 
low  noise  operation,  the  drain  diffusion  noise  of  an  FET  varies  inversely  with 
the  drain  current,  making  low  drain  current  desirable  to  reduce  noise.  How- 
ever, as  the  active  channel  becomes  pinched  off,  gm  will  drop  unless  the 
mobility  rises.  Most  epitaxial  layers,  both  LPE  and  VPE,  show  a reduction 
in  mobility  as  the  device  is  pinched  off.  Fiyure  7 shows  plots  made  from 
good  and  poor  epitaxial  material  . The  good  device  had  a noise  figure  of 
1.5  dB  at  6 GHz,  the  poor  device  a noise  figure  of  3.0  dB  at  6 GHz.  A rising 
mobility  characteristic  has  been  most  consistently  achieved  using  implantation. 
Since  implantation  has  been  so  important  to  this  contract,  the  next  major  sec- 
tion will  be  mainly  devoted  to  this  subject.  Although  we  have  achieved  a 
rising  mobility  characteristic  on  some  epitaxial  wafers,  we  have  never  seen 
the  consistent  high  quality  achieved  with  implantation. 

The  rising  mobility  characteristic,  then  means  that  gm  tends  to  remain  constant 
as  pinch-off  is  approached,  and  gain  remains  high  even  at  low  drain  currents. 
There  is  an  additional  effect  that  is  also  important.  When  a device  is  biased 
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to  some  desired  drain  current,  the  gate  is  made  sufficiently  negative  to 
reduce  the  channel  conductance.  For  any  given  channel  conductance,  there  is 
a corresponding  gate-source  depletion  layer  and  a gate  source  capacitance. 
However,  if  mobility  is  higher  in  the  active  layer,  the  gate  must  be  made 
more  negative  to  reduce  the  channel  conductance  to  the  desired  value.  As  a 
result  of  this,  the  input  capacitance  is  lower  and  the  broad  band  operation 
is  more  easily  achieved.  This  aspect  of  FET  design  turned  out  to  be  of  major 
importance  in  making  FETs  which  could  be  built  into  7-18  GHz  modules. 

Another  way  of  stating  this  fact  is  that  as  the  gate  is  made  more  negative, 

CgS  decreases,  while  r.  increases  and  the  input  Q drops. 

In  our  later  masks  we  have  added  a "fat-FET"  for  mobility  profiling  [3]. 
However,  the  process  of  calculating  mobility  is  a tedious  one.  We  have,  there- 
fore, developed  a semi-automatic  mobility  profiler.  The  plots  in  Figure  7 and 
those  given  in  the  section  on  implantation  were  made  using  this  system.  A 
mobility  plot  takes  approximately  30  seconds.  We  now  routinely  evaluate  all 
material  using  the  new  system  and  reject  low  mobility  material  at  this  point. 

D.  MATERIAL  DEVELOPMENT 

Material  still  remains  the  key  to  achieving  very  low  noise,  high 
gain  FETs.  Recognizing  this,  we  have  approached  the  materials  problem  in  a 
number  of  ways.  For  example,  the  following  systems  have  been  implemented  in 
Phase  II: 

1 . Liquid  Phase  Epitaxy  (LPE) 

a.  N on  S. I.  substrate 

b.  N on  LPE  buffers 

c.  N+  on  N on  S.I.  substrates 

d.  N on  VPE  buffer 

e.  Complex  active  layers  on  S.I.  substrates 

2.  VPE (Arsine  System) 

a.  Buffers 

b.  Active  on  buffers 


J 
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3.  Implantation 


a.  N on  S.I.  substrates 

b.  N on  VPE  buffers 

c.  N on  LPE  buffers 

d.  N /N  on  buffer  on  S.I.  substrates 

As  noted  earlier,  implantation  has  provided  the  most  consistent  high  perfor- 
mance FETs.  The  section  on  implantation  details  the  results  of  the  various 
types  of  implantations  tried.  Excellent  devices  have  also  been  built  using 
all  of  the  other  schemes  enumerated  above,  but  the  probability  of  achieving, 
say,  a noise  figure  of  <3.0  dB  at  18  GHz  is  much  lower  than  with  implantation. 

E.  DESIGN  FOR  APPLICATION 

It  is  our  objective  as  device  fabricators  to  design  FETs  to  fit 
as  closely  as  possible  a specific  application.  An  example  of  this  was  given 
earlier  when  it  was  pointed  out  that  high  mobility  material  could  result  in 
lower  Q,  larger  bandwidth  FETs. 

We  have  been  investigating  the  effects  of  device  size  and  material  on  the 
suitability  of  an  FET  for  a particular  application.  Noise  figure  of  an  FET 
is  invariant  with  gate  width,  providing  all  parameters  and  parasitics  scale 
linearly.  However,  S is  not  invariant  with  size  (i.e.,  gate  width),  and 
it  appears  that  there  is  an  optimum  size  for  any  given  frequency  and  material 
constants.  The  magnitude  of  S depends  upon  two  factors: 

1.  The  input  match,  i.e.,  S 

2.  The  magnitude  of  the  transfer  coefficient  (i.e.,  g ) 

Figure  8 shows  a simplified  equivalent  circuit  for  calculating  S2J.  Note  that 
S depends  mainly  on  two  factors: 

• The  fraction  of  the  input  voltage  appearing  across  C, 
the  input  capacitance. 

• The  magnitude  of  g . 

m 


From  this  equivalent  circuit  we  can  develop  an  approximate  expression  for  S21, 
with  ZQ  = 50ft.  For  example: 

100  g 

l 


■1I  [ ( 50+R ) 2 (oj  C ) 2 


f)2  -A2!  l/2 


Equation  8 


Where : 


fQ  = 2'ttvTC*  ’ 1S  inPut  resonant  frequency 


At  very  low  frequencies,  ( f/ f Q ) 2<<1  and  (WC)2-*0.  Therefore: 


= 100  gn 


Using  the  Ml 04  geometry,  R,  C and  gm  were  calculated  for  three  different  chan- 
nel carrier  concentrations.  The  results  are  given  in  Table  I.  The  value  of 
L is  fixed  at  0.5  nhy  (one  bonding  wire)  and  the  bias  was  adjusted  to  keep  a 
constant  drain  current.  Figure  8 shows  three  plots  of  S21  vs.  frequency. 
These  curves  show  that  S21  always  peaks  below  f because  the  voltage  across  C 
is  inversely  proportional  to  frequency.  These  curves  can  be  compared  with 
Figure  9,  which  shows  measured  values  of  S21  vs.  frequency  for  three  FETs. 

As  will  be  shown  in  the  circuit  section,  a low  C,  lower  gm  FET  is  best  for 
broadband  operation.  This  is  confirmed  by  the  obviously  wider  band  width  of 
the  low  C device  in  Figure  8 and  Table  I. 


(Cx  = 0) 


TABLE  I 

EFFECT  OF  N ON  FET  PARAMETERS 


fo,  input 
GHz 


1x10  17 

0.1 

20 

22.5 

2x10  17 

■SB 

15 

30 

18.4 

5x10  17 

m 

10 

35 

15.91 

This  effect  had  a very  real  impact  on  our  FET  design  for  the  amplifiers.  The 
heavily  doped  device  in  Fig.  9 had  the  best  X band  value  of  S21  and  noise 
figure  of  any  device  fabricated  previously.  However,  as  a KU  band  amplifier, 
it  was  definitely  inferior  to  the  lightest  doped  of  the  three  FETs.  As  a mat 
ter  of  practical  experience,  it  was  found  that  the  gate  resonant  frequency 
should  be  near  the  high  end  of  the  amplifier  pass-band,  but  not  too  much 
higher.  Devices  with  gate  resonant  frequencies  near  25  GHz  gave  very  flat, 
but  low,  gain  in  the  amplifier  modules.  For  the  transistors  shown  in  Fig.  9, 
which  are  MX104's,  the  optimum  doping  is  near  to  1.5  x 1017.  If  the  gate 
length  were  reduced  to  less  than  0.5  pm,  N could  be  increased  further,  while 
still  maintaining  the  same  resonant  frequency.  Obviously  this  would  result 
in  an  even  better  device  for  the  application. 

As  a result  of  this  study,  we  have  been  tailoring  the  implantation  schedule 
for  the  M104  and  M107  to  keep  gate  resonances  in  the  16-18  GHz  region.  The 
result  has  been  that  the  amplifier  development  group  has  made  modules  which 
are  flat  from  6-18  GHz. 

The  size  of  the  FET  is,  of  course,  a major  factor  in  wideband  design.  When 
the  M104,  150  pm,  FET  was  introduced,  we  believed  that  the  small  device  would 
favor  operation  at  18  GHz  and,  thus,  be  most  desirable.  This  turned  out  to 
be  only  partially  true.  While  excellent  performance  could  be  achieved  at 
18  GHz  and  higher,  the  device  was  extremely  difficult  to  match  in  a broad- 
band design,  particularly  at  the  low  end  near  7 GHz.  The  section  on  ampli- 
fiers indicates  the  results  of  a computer  study  which  showed  the  desirability 
of  a larger  device  to  maintain  low  end  performance.  As  a result  of  this 
study,  the  Ml 07  was  introduced  which  has  a gate  300  pm  wide  and  0.5  pm  long. 
It  can  be  matched  at  the  low  end  of  the  band  much  more  easily. 

The  results  above  point  out  the  general  direction  which  should  be  taken  to 
develop  higher  frequency  FETs,  i.e.,  18-26  GHz  and  above.  As  the  device  is 
made  smaller  to  facilitate  matching  at  the  higher  frequencies,  the  channel 
doping  should  be  increased  to  maintain  a reasonable  gm<  For  broadband  opera- 
tion as  much  of  the  device  gain  as  possible  should  come  from  S21  (i.e.,  gm), 
and  a lesser  amount  from  impedance  transformation.  However,  as  the  doping 
level  N is  increased,  C^s  would  also  increase  reducing  the  gate  resonant 
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frequency.  Therefore,  the  capacitance  increase  should  be  offset  by: 


• Shortening  gates,  reducing  C^$ 

• Shortening  or  eliminating  input  bond  wires  to  reduce 
gate  inductance 

F.  FET  PERFORMANCE 

In  the  section  on  amplifiers,  the  printout  from  the  ANA  will  be 
used  to  show  the  type  of  S parameters  which  are  characteristic  of  implanted 
FETs.  These  can  be  used  to  study  the  finer  structure  of  S21,  Su>  etc.  A 
noise  figure  vs.  frequency  curve  is  given  in  Fig.  10.  This  run  was  implanted 
with  silicon  as  the  donor  species.  The  noise  figure  in  the  band  of  interest 
(7-18  GHz)  is  close  to  the  state-of-the-art  for  FETs  in  general.  We  have 
achieved  lower  noise  figures  in  S and  C band  using  a larger,  500  ym,  FET, 
but  its  KU  band  performance  was  not  as  good  as  the  300  or  150  ym  FETs.  The 
noise  figure  of  the  500  ym  FET  was  1.0  and  1.25  dB  at  4 and  6 GHz,  respec- 
tively. Again,  the  performance  was  achieved  by  implantation. 
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Frequency,  GHz 


G.  DEVICE  MODELING 


Since  the  M107  transistor  is  the  basic  device  used  in  the  gain 
modules,  the  modeling  study  was  based  on  its  geometry.  The  equivalent  cir- 
cuit is  given  in  Fig.  11.  To  derive  the  model  (based  on  implant  design), 
the  following  assumptions  were  made: 


N = 1.5  X 1017  cm-3 
' V = 1.5  volts 

WQ  = Vp  + 4>  = 1.5  + .8  = 2.3  volts,  £ = 12.5 
a = 0.146  MM 

Lsg  = 0,75 
Lg  = 0.5  pM 

a)  = 300  uM 

u = 3500,  i.e.,  N - *-  --  = 2 
<PS  0.8  volts 

o = conductivity  of  active  layer  = qwN  = 84  mhos/cm 
p = resistivity  of  active  layer  = ^ = .012  ft  cm 
Rsa  = sbeet  resistance  of  active  layer  = p/a  = 815  fi/Q 
tmetal  = 30004  of  gold  =0-30  pM 

°metal  = 70%  bulk  = J X 10^  = 2‘9  X 11)5  mhos/cm 
-metal  * \ ' 3-45  x '°‘6 
Rsm  metal  * °-"5 

ep  = 5500  v/cm,  the  field  at  which  mobility  peaks 
Vsat  = 1 X 107  cm/sec,  the  saturated  electron  velocity 
pc  = 2 X 10"6Qcm2  , contact  resistivity 


CALCULATION  OF  PARAMETERS  FOR  FIG.  11 
L__  X R 


d - sg  s _ 0.75  X 10  X 815  „ — 

Rsg  ^5 703 = 2.04fi 


rcon=i/VT  = 75T  A15  X 2 X 10"6  - 1-350 


Rc  = R + r = 3.39 

s sg  con 


gate 


=irRs  • <-"5)  ^ 


■dss  ' # 'sat”3 


1- 


41  +IdssV£pL 


Wo 


= 0.105 


1- 


f 1 -075  + Idss  X 3.4 


2.3 


= .03  = 30  ma 


££  oN  7 

2(4.  + Ih«Rc  +epL)  at  rdss 


dss  s 

= .032  = 32  mmhos 

Vds(sat)=  '9  ^dss  ^Rs  + Rd^  + ePL  = saturation  voltage 

= .9  (. 03) (3. 39  + 3.39)  + 5500  (.5  X 10'4) 

= 0.46  volts 


Cgs’°v  = 2(  ldsTe+  .8) 


= 0.149  pF 


Equation  9 

Equation  10 
Equation  11 

Equation  12 

Equation  13 


Equation  14 


Equation  15 


Equation  16 
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Figure  M 

FET  Equivalent  Circuit  (M107) 
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Lg , Ld,  Ls  = bonding  wire  inductances 
rm  = gate  metal  resistance 

Csw  = sidewall  capacitance,  gate-source  junction 
Rsg  = resistance  of  channel  between  gate  and  source 
Rcon  = source  contact  resistance 
Rd  = drain  resistance  - Rgd  + Rcon  (drain) 

Cpg  = gate  pad  capacitance 
Cpd  = drain  pad  capacitance 


The  calculations  give  excellent  agreement  with  measured  values  with  the  fol- 
lowing exceptions: 


• Vds(sat)  is  low 

• Cgd  is  hi9h 

Probably  the  error  in  Vd$^sat^  is  due  to  the  fact  that  Vp  is  not  much  greater 
than  Vds(sat)  and  there  is  some  channel  pinching.  A better  value  is  0.7  volts. 

The  error  in  Cgd  is  due  to  the  oversimplified  model  of  the  gate  and  drain  (i.e., 
a pair  of  transmission  lines).  It  does  not  take  into  consideration  the  depletion 
layer  between  the  gate  and  source. 

Since  the  gate  and  drain  bonding  pads  act  as  Schottky  barriers  on  the  buffer 
layer,  their  capacitance  is  calculated  in  the  same  way  as  the  intrinsic  gate 
except  that  N = 5 x 1012  and  41  = 0.5V.  The  output  impedance  was  taken  directly 
from  the  curve  tracer,  i.e.,  500  n.  The  only  parameter  whose  calculation  is 
not  given  here  is  r^ , the  channel  resistance  under  the  gate  in  the  region  below 
velocity  saturation.  It  is  a very  complex  function  of  both  gate  and  drain  bias. 
The  calculation  method  was  given  in  a paper  by  Gibbons  & Cooke  [4]. 

Figure  11  is  the  equivalent  circuit  based  on  the  data  just  derived.  Table  II 
is  a set  of  S parameters  based  on  the  model.  Note  that  S21  and  S are  given 
in  dB.  The  model  accurately  predicts  both  magnitude  and  angle  of  all  parame- 
ters. It  shows  some  minor  differences  from  measured  FET  data  given  in  the 
amplifier  section.  The  differences  are  mainly  due  to  variations  in  the  doping 
level,  N,  and  the  channel  thickness,  a,  compared  to  the  model. 
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II.  ION  IMPLANTATION 


Progress  in  ion  implanted  FETs  at  Avantek  has  been  excellent  during 
the  period  covered  in  this  report  and,  in  particular,  during  the  past  quarter. 
Implanted  FETs  are  now  fabricated  routinely  which  show  6 GHz  NF  = 1.7  dB  and 
gain  >10  dB.  These  devices  have  shown  NF  = 2.5  dB  @ 18  GHz,  with  >6  dB  gain. 

An  obvious  advantage  of  an  implanted  FET  is  reproducibility  from  run  to  run, 
as  well  as  uniformity  of  the  device  characteristics.  An  additional  benefit 
is  the  impurity  profile  shape  which  results  in  an  FET  with  very  low  input 
capacitance  and  excellent  high  frequency  performance.  Recent  performance 
indicates  that  this  conclusion  is  borne  out. 

A.  Si  N CAP  AND  ANNEALING 

3 4 

The  high  temperature  behavior  of  the  dielectric  cap  used  for  anneal- 
ing the  implanted  GaAs  wafer  is  undoubtedly  the  single  most  critical  parameter 
in  the  FET  implantation  process.  Such  properties  as  index  of  refraction,  stoi- 
chiometry, coefficient  of  expansion,  and  density  are  key  factors  in  obtaining 
the  highest  possible  electrical  activity  of  the  implanted  layer.  Changes  in 
the  physical  properties  of  the  GaAs  surface  under  the  annealing  cap  can  cause 
totally  unpredictable  results  with  respect  to  the  electrical  properties  of  the 
annealed  implanted  layer.  This  is,  of  course,  particularly  true  of  low  energy 
shallow  implants. 

During  the  course  of  this  work  we  have  concentrated  on  the  use  of  a low  tem- 
perature Si 3 N^  plasma  deposition  system  [5]  to  provide  the  annealing  cap  used 
in  the  implanted  FET  process.  The  use  of  a low  temperature  (<500°C)  Si^ 
d jsition  minimizes  the  loss  of  As  from  the  GaAs  surface  during  the  deposi- 
tion cycle.  This  advantage  is  particularly  important  where  shallow  implanted 
layers  are  concerned. 

Figure  12 shows  a schematic  representation  of  such  a Si3N4  deposition  system. 

A silane  (SiH4)  and  nitrogen  gas  mixture  is  introduced  into  the  gas  manifold 
and  ionized  by  the  R.F.  field  applied  between  the  manifold  and  substrate  plat- 

O 

form.  Si^N^  is  deposited  at  200  - 400°C  normally  to  a thickness  of  -1000A. 

The  index  of  refraction,  n,  determined  with  an  ellipsometer,  is  2.03  ±.01. 
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Analysis  of  these  Si  N films  by  Auger  and  SIMS  techniques  [6]  shows  them  to 

3 4 

be  perfectly  stoichiometric  and  oxygen-free  before  and  after  annealing  at 
temperatures  as  high  as  1050°C.  In  addition,  no  in-diffusion  of  Si  from  the 
Si 3N4  could  be  detected  at  the  GaAs  surface,  or  loss  of  Ga  or  As  from  the  GaAs 
into  the  Si3N4  film.  The  possibility  of  the  Si3N4  film  providing  a source  for 
the  diffusion  of  Si  into  the  GaAs  at  annealing  temperature  is  important,  and 
was  thought  to  be  one  explanation  for  the  N-type  conversion  of  Cr  coped  sub- 
strates during  the  annealing  cycle  [7].  The  more  recent  SIMS  analysis,  how- 
ever, indicates  that  this  is  not  the  case  and  the  N-type  impurity,  if  it  is 
Si,  comes  from  the  substrate  itself. 

B.  QUALIFICATION  OF  Cr  DOPED  SUBSTRATES 

Another  key  facet  of  the  implantation  process  is  that  of  the  elec- 
trical "survivability"  of  the  Cr  doped  substrates  to  the  annealing  cycle. 

Semi-insulating  (Cr  doped)  GaAs  substrates  are  normally  guaranteed  by  the  sup- 
plier to  survive  a one-hour  750°C  anneal  in  hydrogen  without  showing  any 
changes  in  their  electrical  properties.  Cr  doped  substrates  must,  therefore, 
be  picked  individually,  according  to  their  characteristics  after  an  annealing 
cycle  which  is  generally  carried  out  at  least  50°C  above  the  required  anneal- 
ing temperature.  Considerable  effort  has  been  put  into  developing  a "qualifi- 
cation" process  by  which  the  "good"  substrates  can  be  selected  with  a high 
degree  of  certainty. 

This  process  is  as  follows: 

• Select  wafers  from  different  locations  of  the  ingot  to 
be  evaluated 

• Measure  surface  breakdown  voltage  with  2-point  probe 
and  surface  capacitance,  C$,  with  a Schottky  diode 
(Vn  > 1500V,  C < 0.1  pF) 

• Deposit  1000A  Si 3N4  and  anneal  at  desired  temperature 

• Remove  the  Si  N and  remeasure  the  surface  breakdown 

3 4 

and  capacitance  (VD  must  be>  1000V,  C.  <0.5  pF) 

D S 
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chased  from  a leading  GaAs  supplier.  From  the  surface  capacitance,  C$,  the 
surface  doping  is  calculated  using  the  expression: 


N = -7-  ~ Equation  17 

s A qK 

Where  A is  the  area  of  the  Schottky  diode,  K is  the  dielectric  constant  of 

GaAs  and  V^.  is  the  built-in  voltage  (which  is  taken  to  be  0.7V).  The 

choice  of  V„  = 0.7 V is  only  valid  for  N - 1017cm"3.  For  N <1016cnf3  the 
D s s 

actual  value  will  be  lower  than  the  calculated  value  using  Vg  = 0.7V  (for 
N$  = 1014cm‘3,  V^.  = 0.6V).  Since  we  are  interested  in  the  trend  rather 
than  absolute  value,  V^  is  assumed  = 0.7V.  Figure  13  shows  a plot  of 
measured  surface  breakdown  vs.  calculated  surface  doping,  Ns«  Data  points 
were  obtained  from  several  different  ingots  annealed  at  900°C.  The  lowering 
of  surface  breakdown  voltage  and  increase  in  surface  doping  after  annealing 
is  always  N-type  in  behavior.  The  dopant  appears  to  be  Si.  Hall  measure- 
ments indicate  that  y = 1500-2000  cm2V_1sec_1.  A typical  impurity  distri- 
bution of  such  N-type  conversion  is  shown  in  Fig.  14.  It  is  evident  that 
such  a profile  would  make  it  impossible  to  fabricate  an  FET.  Figure  15 
depicts  the  implantation  profile  obtained  with  a "good"  and  "bad"  Cr  doped 
substrate. 

We  have  found  100%  correlation  between  the  characteristics  of  the  finished 
FET  and  the  profile  resulting  from  the  qualification  test. 

C.  ION  IMPLANTATION 

Ion  implanted  FETs  have  been  fabricated  for  this  program  using  Se 
and  Si  ions,  with  energy  ranging  from  50  KeV  (Si)  to  400  KeV  (Se). 

Substantial  improvements  have  been  achieved  during  the  past  six  months  in  the 
Si3N4  capping  process,  as  well  as  ohmic  contact  technology.  As  a result, 
overall  performance  of  implanted  FETs  has  continually  improved.  We  have 
achieved  excellent  results  using  Si  as  the  impurity.  Si,  because  it  is  the 
lightest  of  the  N-type  dopants,  gave  us  greater  flexibility  from  a range 
point  of  view  than  Se. 
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TABLE  III 


Summary  of  surface  breakdown  voltage  and  capacitance  before  and  after  900°C 

O 

1/2-hr.  anneal.  Surface  protected  with  1000A  Si^  during  anneal. 


GaAs  Ingot 

Before  Anneal 

After  Anneal 

VB 

Cs 

VB 

Cs 

20283 

>1500 

<0.1  pF 

1300V 

3.4  pF 

285 

II 

II 

1 10V 

37.0  pF 

311 

II 

II 

350 V 

11.6  pF 

312 

II 

II 

1500V 

3.8  pF 

003 

II 

II 

1400V 

4.8  pF 

004 

II 

60V 

77.0  pF 

009 

tl 

1200V 

4.3  pF 

010 

II 

1300V 

3.8  pF 

Oil 

II 

II 

1190V 

5.3  pF 

012 

II 

II 

10V 

480.0  pF 

017 

II 

II 

200V 

26.0  pF 

018 

II 

II 

30V 

152.0  pF 
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TYPICAL  ION  IMPLANTED 
PROFILE  OBTAINED  WITH 
"GOOD"  AND  "BAD"  Cr 
DOPED  SUBSTRATES. 
RESULTING  FET  CHARACTER- 
ISTICS ARE  SHOWN  AT 
BOTTOM . 


IMPLANTED 

PROFILE 


BAD  SUBSTRATE — 
SUBSTRATE  CONVERSION 
, (NO  PINCH-OFF) 


SUBSTRATE 

PROFILE 


GOOD  SUBSTRATE — 

NO  SUBSTRATE  CON- 
VERSION (PINCH -OFF 
WELL  DEFINED) 


Figure  15 

Tyoic*l  Ion  Implanted  Profile  Obtained  with  "Good"  and 
'Bad"  Cr-Doped  Substrates  after  Annealing  with  Si,N.  Cap 


' 


r 

The  majority  of  our  implants  carried  out  prior  to  these  recent  results  used 
Se  as  the  impurity.  Although  the  performance  of  these  devices  was  good,  the 
noise  figure  and  gain  were  not  adequate  for  the  7-18  GHz  amplifier  require- 
ments. In  the  interest  of  completeness,  the  details  of  the  implantation  and 
performance  of  earlier  FET  runs  intended  for  use  in  this  contract  will  be 
summarized.  The  emphasis  in  this  report,  however,  will  be  placed  on  Si 
implanted  FETs  which  have  shown  superior  R.F.  performance.  Implant  condi- 
tions, impurity  profiles,  and  device  performance  pertaining  to  FET  runs 
fabricated  with  the  M-104  and  M-107  geometries  will  be  discussed.  The  R.F. 
characteristics  of  the  implanted  M-107  used  in  the  7-18  GHz  amplifier  are 
discussed  in  detail  in  the  amplifier  section. 

An  earlier  discussion  of  Fukui's  noise  equation  indicated  that  the  lowest 
noise  figures  could  be  obtained  by  using  low  doping  in  the  channel  region 
of  the  FET.  Our  results,  using  doping  levels  between  7 x 1016cm"3  and 
2 x 1018cm“3  have  not  borne  this  out.  These  implants  have,  for  the  most 
part,  been  of  a single  energy  and  have  not  employed  N contacts.  Although 
low  noise  might  have  been  achieved  by  using  low  doping  in  the  channel,  the 
resulting  higher  contact  resistance  could  have  masked  it.  The  best  results, 
to  date,  have  been  achieved  when  peak  doping,  Np,  in  the  implanted  layer  is 
>1017cm-3. 

Se  implants  using  an  energy  of  120  KeV  were  carried  out  at  Avantek,  using  a 
60  KV  accelerator.  Se  ions  were  obtained  from  solid  selenium  ionized  by  H2 
in  an  R.F.  source.  Selenium  implants  at  an  energy  greater  than  120  KeV  were 
made  at  Stanford  University,  using  H2Se  as  the  Se  source,  ionized  by  a hot 
filament. 

Silicon  implants  with  energies  up  to  120  KeV  were  made  at  Avantek,  using  SiH4 
in  H2  as  the  Si  source.  The  Si  is  obtained  from  a Si H4/H2  mixture  rather 
than  SiH4/N2,  so  that  Si++  ions  can  be  implanted  without  interference  from 
the  N+  ion.  Si  implants  requiring  energy  greater  than  120  KeV  were  made  at 
both  Stanford  University  and  NRL. 
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1 . Selenium  Implants  t 

Table  IV  is  a summary  of  Se  implanted  FET  runs.  In  alj  cases 
these  implants  were  of  a single  energy,  carried  out  into  "qualified"  Cr  doped 
substrates.  The  runs  listed  are  for  the  M-104  and  M-107  (1/2  pm)  geometries 
(see  Figs.  2 and  3)  pertinent  to  this  contract. 

Additional  FET  performance  summaries  are  presented  in  a later  section  cover- 
ing FET  performance  improvement.  In  these  cases,  the  implants  were  of  mul- 
tiple energies  or  heavy  doses,  which  were  later  thinned  by  etching  under  the 
gate  to  achieve  the  required  pinch-off  voltage.  Implantation  into  buffer 
layers  will  also  be  discussed. 

Figure  16  shows  the  impurity  profile  obtained  using  Se++  ions  implanted  at  60 
KV  into  a Cr  doped  substrate  with  a dose  of  5 x 1012cm~2.  The  implant  was 
made  with  the  substrate  at  room  temperature  and  tilted  7°  to  the  impinging 
Se  beam.  The  implanted  layer  was  annealed  at  850°C  for  1/2  hour,  using  a 

O 

1000A  Si  3N1+  cap.  Also  shown  is  the  Gaussian  profile,  based  on  LSS  theory, 
for  comparison.  Because  of  the  high  leakage  current  encountered  at  this 
doping  level,  Schottky  diode  profiles  of  these  low  energy  Se  implanted  layers 
were  generally  not  possible  to  obtain.  Our  inability  to  profile  shallow  Se 
layers  led  us  erroneously  to  the  conclusion  that  these  layers  would  not  make 
good  FETs.  This,  however,  was  not  the  case,  and  we  abandoned  the  attempt  to 
profile  low  energy  Se  implants  prior  to  device  fabrication.  Although  the 
performance  of  the  FETs  made  using  120  KeV  Se  ions  was  reasonably  good,  the 
gate  breakdown  voltage  was  consistently  low  (1-3 V).  In  particular,  when  the 
FET  pinch-off  voltage  was  >3V,  the  gate  breakdown  voltage  was  found  to  be 
substantially  less  than  3V.  If,  however,  the  pinch-off  voltage  was  1-2V, 
the  gate  breakdown  voltage  was  substantially  greater  (5-7V).  Effective  con- 
trol of  this  situation  to  maintain  Vn„, . » V is  quite  difficult.  In  order 

to  achieve  better  control  over  pinch-off  voltage  as  well  as  higher  gate  break- 
down voltage,  the  energy  of  the  Se  implants  was  increased  to  200  - 300  KeV. 

Figure  17  shows  the  impurity  profile  obtained  from  a 240  KeV  Se  implant, 

(<f>  = 4 x 1012cm"2)  carried  out  with  the  substrate  at  toom  temperature.  Al- 
though the  measured  profile  is  not  a very  good  fit  to  the  Gaussian  distribution, 
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the  measured  pinch-off  voltage  of  4.0V  is  in  good  agreement  with  the  calcu- 
lated value  of  4.2V.  A substantial  improvement  in  gate  breakdown  voltage 
was  obtained  at  this  higher  energy.  Vg  was  found  to  be  typically  8V,  com- 
pared to  1 - 3V  characteristic  of  the  120  KeV  implants. 

Figure  18  shows  the  drain  characteristics  of  FET  runs  from  Table  IV;  #294 
(240  KeV,  M-104  geometry),  #298  (120  KeV,  M-104),  #334B  (150  KeV,  M-107), 
and  #332A  (300  KeV,  M-107).  A glance  at  Table  IV shows  that  there  is  little, 
if  any,  trend  in  the  6 GHz  noise  figure  with  implantation  energy.  The 
lowest  6 GHz  noise  figures,  however,  were  achieved  with  the  lowest  energy 
( i . e . , run  #298).  This  result  is  not  consistent  with  the  term  in  Fukui's 
noise  equation  which  implies  that  low  channel  doping  is  required  for  best 
noise  figure.  As  pointed  out  earlier,  however,  the  contact  resistance 
term  in  this  equation  can  be  compromised  when  attempting  to  lower  the  channel 
doping  without  using  a special  process  to  maintain  high  doping  in  the  con- 
tact areas  (i.e.,  N contacts). 

2.  Silicon  Implants 

The  previous  experiments  led  us  to  believe  that  the  6 GHz  noise  fig- 
ure could  not  be  reduced  substantially  below  2 dB  using  Se  implants.  We  felt 
that  it  was  possible  that  a change  to  another  impurity  would  give  better  results. 
Silicon  seemed  the  best  choice  since  it  is  the  lightest  of  the  N-type  dopants, 
and  gave  the  best  range  for  our  60  KV  capability.  Doubly  charged  Si  has  an 

o 

equivalent  energy  of  120  KeV,  and  a projected  range  of  1025A,  equal  to  that 

O 

of  300  KeV  Se  (1028A).  Furthermore,  since  the  standard  deviation,  ap,  for 
Si  is  greater  than  that  of  Se  (for  the  same  projected  range,  Rp),  one  might 
expect  the  doping  at  the  surface  of  the  Si  implant  to  be  higher,  resulting 
in  lower  contact  resistance. 

Table  V is  a summary  of  performance  for  Si  implanted  FETs.  All  runs  pre- 
sented here,  except  for  #310A  and  371C,  D,  and  E,  were  fabricated  using  the 
M-107  geometry.  In  addition,  all  were  implanted  into  qualified  Cr  doped 
substrates.  6 and  18  GHz  gain  and  noise  figure  are  shown  for  runs  which 
showed  performance  suitable  for  the  7-18  GHz  amplifier. 


-43- 


TABLE  V 
RUN  SUMMARY 

SI  Implanted  GaAs  FETs  (Cr  Doped  Substrates) 


Run  # 

E(KeV) 

<fr(CM-2) 

Geom. 

6 

GHz 

18 

GHz 

warn 

G. 

N.F. 

G. 

31 OA 

50 

5 x 1012 

M-104 

2.6 

10.8 

338 

120 

2 x 1012 

M-107 

1.8 

11.0 

3.2 

5.9 

346-A 

120 

II 

II 

1.8 

10.3 

349-C 

II 

II 

II 

1.8 

8.9 

350-3A 

II 

II 

II 

1.8 

10.6 

350-3B 

II 

II 

II 

1.7 

11.0 

351 -1 A 

II 

II 

II 

1.9 

10.0 

351 -IB 

II 

II 

II 

1.9 

10.1 

353-A 

II 

II 

II 

2.0 

11.5 

361 -B 

II 

II 

II 

1.7 

9.0 

361 -C 

II 

II 

II 

1.7 

9.0 

368-C 

II 

II 

II 

1.6 

11.5 

2.4 

6.0 

362-A 

II 

II 

II 

1.6 

10.8 

362-B 

II 

II 

II 

1.5 

10.1 

362-C 

II 

II 

II 

1.6 

10.8 

371 -D 

II 

II 

M-104 

2.1 

10.3 

2.8 

5.8 

371  -E 

II 

II 

II 

2.2 

10.1 

371 -C 

II 

II 

II 

2.1 

10.9 

2.7 

6.8 

r 


The  first  Si  implant,  run  #310A,  was  made  with  an  energy  of  50  KeV,  chosen  to 
give  the  same  projected  range,  Rp,  as  for  the  120  KeV  Se  implants  of  Table  IV 
The  dose  was  chosen  to  give  the  same  peak  doping  as  for  the  120  KeV  Se  implant 
based  on  the  relationship: 


ap/27 


= ± 


Equation  18 


Where  n is  the  peak  impurity  density,  <J>  is  the  ion  dose/cm2,  and  ap  is  the 
standard  deviation  in  the  projected  range.  For  a 120  KeV  Se  dose  of 
5 x 1012cm-2,  n = 9.7  x 1017cm-3. 

This  peak  doping  requires  a dose  of  6.2  x 1012cm-2  using  50  KeV  Si  ions. 

The  estimate  does  not  take  into  account  the  differences  in  doping  efficiency 
between  Si  and  Se,  but  it  is  a good  first  order  approximation.  Figure  19 
shows,  for  comparison,  the  LSS  distributions  for  120  KeV  Se  and  50  KeV  Si. 

The  balance  of  the  FET  runs  included  in  Table  V were  done  with  120  KeV  Si, 

<(>  = 2 x 1012cm-2.  Figure  20  shows  the  measured  profile,  typical  of  all  the 
Si  implants  using  this  energy  and  dose.  This  particular  implantation  schedule 
has  consistently  given  the  best  fit  to  the  LSS  distribution,  has  beer,  the  most 
reproducible,  and  given  the  best  R.F.  performance. 

Figure  21  shows  the  drain  characteristic  typical  of  the  120  KeV,  2 x 1012cm-2 
Si  implanted  FET.  These  D.C.  parameters  (as  well  as  R.F.)  are  very  repro- 
ducible from  run  to  run. 

D.  D.C.  EVALUATION 

The  M-107  mask  includes  a long-gate  FET  (referred  to  as  the  "Fat- 
FET")  and  an  ohmic  contact  test  pattern.  The  "Fat-FET"  is  an  FET  which  has 
a gate  length,  L^,  much  larger  than  the  source-to-gate  and  gate-to-drain 
spacing.  Since  L^  » L^  and  L^,  the  effect  of  extrinsic  resistances  on 
the  FET  transfer  characteristics  can  be  neglected.  Using  this  type  of  FET 
structure,  Pucel  [3]  has  shown  that  one  can  determine  the  carrier  drift  mobil- 
ity using  the  ratio  of  transconductance  to  gate-source  capacitance,  Gm/CgS . 

Using  the  "Fat-FET"  with  this  measurement  technique  we  have  measured  the 
drift  mobility  and  impurity  profiles  of  our  ion  implanted  as  well  as  LPE 
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Figure  19 

Gaussian  Distributions  for  Si  and  Se  Implants 
$si  = 6.2  x 1012cm"2,  E = 50  KeV.  *se  = 5 x 1012cm“2,  E = 120  KeV 
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Figure  21 

Drain  Characteristics  Typical  of  Si  Implanted  FET 
(*  = 2 x 10l2cm'2,  E = 120  KeV,  M-107) 


r 
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FETs.  It  is  of  particular  interest  to  compare  the  Gm  and  pd  plots  of  the 

Si  implanted  vs.  LPE  runs.  Figure  22  shows  C . G , and  y.  obtained  from 

qs  m a 

the  "Fat-FET"  of  a typical  120  KeV,  2 x 1012cm'2  Si  implanted  FET  run  (implant 
directly  into  the  Cr  doped  substrate).  Figure  23  shows  the  same  parameters 
obtained  from  the  "Fat-FET"  of  a typical  LPE  run.  In  all  cases  the  trans- 
conductance and  mobility  of  the  implanted  layers  is  superior  to  that  of  the 
LPE  layers.  Drift  mobility  is  seen  to  increase  with  gate  bias  and  peak  very 
near  the  pinch-off  voltage  in  the  implanted  layers,  to  drop  continuously  in 
the  LPE  layers.  This  improved  transconductance  and  mobility  are  key  to  the 
excellent  R.F.  performance  we  are  achieving  with  ion  implantation. 

Figure  24  shows  typical  contact  resistance  data  for  the  Si  implanted  FETs. 

The  test  structure  which  is  included  in  the  M-107  geometry  consists  of  four 
ohmic  contacts  spaced  as  indicated  in  the  figure.  The  specific  contact 
resistance  is  found  to  be  -1  x 10*6ftcm2. 

E.  PERFORMANCE  IMPROVEMENT  EXPERIMENTS 
1 . N+  Contacts 

The  discussion  of  ion  implanted  FETs  has  so  far  been  restricted 
to  devices  fabricated  into  Cr  doped  substrates  using  a single  energy  implant 
for  the  active  layer.  Further  improvement  in  gain  and  noise  figure  is  expected 
by  the  use  of  an  N+  implant  to  reduce  the  contact  resistance  [8].  Earlier 
attempts  (see  Phase  I Annual  Report  on  this  contract)  to  use  Se  in  an  N+ 
implanted  contact  were  not  successful  due  to  early  problems  with  the  lack  of 
reproducibility  of  the  Si 3N4  capping  process.  Improvements  in  the  capping 
process  as  well  as  in  the  FET  fabrication  (contacts,  cleaning,  surface  prepa- 
ration, etc.)  now  make  this  approach  feasible. 

Two  methods  for  obtaining  an  N+  contact  have  been  used.  The  first  referred  to 
as  "non-selective"  is  that  of  implanting  the  entire  surface  of  the  active  layer 
with  a shallow  N+  dose.  Prior  to  evaporation  of  the  gate  metal,  the  N+  layer 
is  etched  away  to  expose  the  active  channel  region.  This  situation  is  depicted 
in  Fig.  25a.  The  main  disadvantage  of  this  structure  is  that  the  N+  region  must 
be  sufficiently  steep  and  thin  that  it  does  not  "tail"  into  the  active  region. 
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Figure  23 

te  Voltage  for  LPE  FET  Run  #363-C 


Contact  improvement,  therefore,  relies  mostly  on  the  surface  concentration  of 
this  implant  rather  than  the  combination  of  surface  concentration  and  thick- 
ness (N  x W).  In  a case  where  the  active  layer  is  very  lightly  doped  and 
thick,  the  implantation  depth  of  the  N contact  can  be  greater  than  it  could 
for  a more  heavily  doped,  shallow  active  layer. 

The  second  contact  improvement  method  uses  selective  implantation  into  the 
contact  areas  through  a mask  such  as  A1  [8]  or  photoresist.  The  active  chan- 
nel is  protected  against  the  N implant  by  the  mask.  The  structure  is  shown 
in  Fig.  25b.  In  this  case  the  choice  of  depth  of  the  N region  is  not  limited 
by  the  active  layer  thickness.  This  is  the  preferable  situation  since  by  this 
method  the  charge  under  the  contact  (N  x W)  can  be  made  sufficiently  large 
that  its  sheet  resistance  is  negligible  compared  to  that  of  the  active  region. 

(a)  Non-Selective  N+  Implant 

"Non-selective"  N+  contact  implants  were  carried  out  using 
50  KeV  Si  ions  (<j>  = 3.3  x 1013cm-2)  for  the  N+  layer  and  300  KeV  Si 
(<j>  = 1.7  x 1012cm-2)  ions  for  the  active  layer.  Figure  26  shows  the  LSS  dis- 
tribution for  the  N /N  combination,  along  with  the  measured  impurity  distribu- 
tion determined  from  the  “Fat-FET."  Implants  were  made  directly  into  Cr  doped 
substrates.  For  the  purpose  of  comparison,  a control  run  was  processed  with 
the  N active  layer  only  (300  KeV,  1.7  x 1012cm'2).  In  the  "N"  case,  the 
region  under  the  gate  was  etched  away  to  achieve  the  required  pinch-off 
voltage. 

Figure  27  shows  the  drain  characteristic  typical  of  devices  from  the  N+ 
implanted  and  control  runs.  Although  gain  and  noise  figure  were  not  the  best 
we  have  seen,  slightly  improved  gain  and  noise  figure  were  observed  in  the  N+ 
contacted  run,  compared  to  that  of  the  control  run. 

(b)  Selective  N+  Implant 

"Selective"  implants  have  been  carried  out  using  both 
photoresist  and  aluminum  as  the  masking  material.  In  the  case  where  photo- 
resist was  used  as  a mask,  the  maximum  energy  was  40  KeV,  with  a dose  of 
5 x 1013cm"2  Si  ions  implanted  into  the  M-107  contact  areas  defined  on  LPE 
active  layers.  Gain  and  noise  figure  were  10.5  dB  and  1.9  dB,  respectively, 
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Figure  27 
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at  6 GHz.  Typical  6 GHz  values  for  M-107  gain  and  noise  figure  using  single 
layer  LPE  material  are  10.0  dB  and  2.3  dB.  This  is,  therefore,  the  best  6 
GHz  data  we  have  seen  for  the  M-107  using  LPE  material. 


The  maximum  benefit  from  the  selective  N+  implant  is  achieved  by  making  the 
implanted  layer  deep  while  maintaining  high  surface  concentration.  Such  an 
implant  is  represented  in  Fig.  28.  Plotted  is  the  LSS  distribution  for  a 
three-energy  Si  implant  with  energy/dose  conditions  adjusted  to  give  a flat 
profile  with  maximum  concentration  -5  x 1018cm"3.  Figure  29  shows  a three- 
energy  Se  implant  with  doses  adjusted  to  give  the  same  peak  doping.  A maxi- 
mum doping  of  5 x 1018cm~3  was  chosen  since  it  is  compatible  with  a maximum 
annealing  temperature  of  850°C.  (Activation  of  a higher  doping  level  would 
require  an  annealing  temperature  > 850°C,  in  which  case  we  find  a high  inci- 
dence of  substrate  failures.)  The  N+  implants  of  Fig.  28  and  29  were  evalu- 
ated using  a contact  test  pattern  which  consists  of  5 contact  pads  spaced  as 
shown  in  Fig.  24.  For  evaluation  purposes,  the  entire  surface  of  the  Cr  doped 
substrate  was  implanted  and  metal ized  with  the  test  pattern.  Figure  30  shows 
the  resistance  data  for  the  Se  N+  implant  of  Fig.  29.  The  median  value  of 
sheet  resistance  was  found  to  be  185ft/t],  in  good  agreement  with  an  estimated 
value  of  180ft/n  based  on  40%  electrical  activity.  Specific  contact  resis- 
tance is  calculated  to  be  8 x 10"7ftcm2;  in  reasonable  agreement  with  the 
expected  value  of  pc  for  = 1018cm~3. 

Figure  31  shows  the  resistance  data  for  the  Si-N+  implant  of  Fig.  28.  In  this 
case,  the  sheet  resistance  was  found  to  be  60ft/[],  very  close  to  the  predicted 
value  of  57ft/d.  Under  the  same  conditions  of  maximum  energy  = 120  KeV,  the 
Si  implant  appears  to  be  the  preferred  choice.  The  specific  contact  resis- 
tance is  4 x 10"7ftcm2,  and  the  contact  resistance  R (at  x = 0)  is  0.1  com- 

C + 

pared  to  0.5ft  for  the  Se  implant.  FET  runs  using  the  "selective  N " approach 
and  the  Si  implantation  schedule  of  Fig. 28  will  be  fabricated.  Evaporated  A1 
will  be  used  to  protect  the  channel  region  from  the  implantation. 

2.  Implantation  into  Buffer  Layers 

The  performance  of  epitaxial  GaAs  FETs  has  been  shown  to  be 
substantially  improved  by  the  use  of  a high  purity  buffer  layer  grown  on  a 
Cr  doped  substrate  prior  to  the  growth  of  the  active  layer.  The  arguments 
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Figure  30 

Resistance  vs.  Contact  Spacing  for  the  Multiple  Energy 
Se  N+  Contact  Implant  of  Fig.  29 
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Figure  31 

Resistance  vs.  Contact  Spacing  for  the  Multiple  Energy 
Si  N+  Contact  Implant  of  Fig.  28 
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in  favor  of  the  use  of  a buffer  layer  in  an  epitaxial  structure,  should,  in 
principle,  apply  to  ion  implantation. 

Earlier  attempts  at  ion  implantation  into  LPE  buffer  layers  did  not  give 
device  results  comparable  to  those  obtained  by  implantation  into  the  Cr  doped 
substrate.  High  resistivity  (NQ  - 5 x 1014)  LPE  layers  were  grown  making  use 
of  the  "notch"  effect  [9].  High  resistivity  layers  achieved  by  this  tech- 
nique are  closely  compensated,  and  the  relatively  large  number  of  donors  and 
acceptors  results  in  a film  with  poor  mobility.  Room  temperature  mobility 
for  these  layers  was  -6000cm2 v"1 sec” 1 , and  liquid  nitrogen  mobility 
-40,000cm2v'1sec'1 , rather  than  the  expected  value  of  150  - 200,000cm" 2v-1sec_1 . 
Furthermore,  when  these  buffer  layers  were  implanted  and  annealed  at  800  - 900°C, 
a p-type  conversion  of  the  buffer  layer  was  observed.  FET  performance  under 
these  conditions  was  very  poor  compared  to  non-buffered  devices. 

The  buffer  layer  program  has  since  that  time  been  approached  using  vapor  phase 
epitaxy.  N-type  buffer  layers  can  now  be  grown  routinely  which  have  room  tem- 
perature mobility  in  excess  of  8000cm2v~1sec-1 , and  liquid  nitrogen  mobility 
approaching  200, 000cm2 v"1 sec" 1 , at  doping  level  of  =1013cm3.  These  layers  are 
grown  using  the  AH  /HC1  technique. 

S 4 

Figure  32  shows  the  Schottky  diode  capacitance  vs.  voltage  for  Si  implanted 
into  a qualified  Cr  doped  substrate,  as  well  as  into  a buffer  layer 
( 4>=  2 x 1012cm"2,  E = 120  KeV).  We  have  consistently  found  that  the  C-V  plots 
for  the  buffer  layers  do  not  pinch  off  to  zero  capacitance  as  the  non-buffered 
samples  do.  At  pinch-off  there  is  a residual  capacitance  which  appears  to  be 
due  to  a thin  p-layer  at  the  interface  between  the  buffer  layer  and  Cr  doped 
substrate.  This  residual  capacitance  may  affect  the  high  frequency  perfor- 
mance of  the  FET. 

Table  VI  shows  a performance  summary  of  buffer-layered  Si  implanted  FETs,  and 
Fig.  33  shows  typical  drain  characteristics.  Notable  is  the  absence  of  the 
looping  which  is  characteristic  of  non-buffered  devices.  Table  VI  shows  that 
run  #365-A  gave  the  lowest  6 GHz  N.F.  of  all  Si  implanted  FETs.  The  noise 
figure  at  18  GHz,  however,  was  not  as  low  as  that  of  the  non-buffered  run 
#368-C  (see  Table  V).  Figure  34  shows  Cgs,  Gm  and  ^ for  run  #365-A  obtained 
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Figure  32 

Schottky  Diode  Capacitance  vs.  Voltage  for  Si  Implanted 
into  a Qualified  Cr-Doped  Substrate  and  High  Resistivity 
Buffer  Layer  (<j>  = 2 x 1012cm-2,  E = 120  KeV) 


TABLE  VI 


366-C 


Mgure  33 

Drain  Characteristics  Typical  of  Si  Implanted  Buffi 
Layer  FET  (<J>  = 2 x 101  cm'2,  E = 120  KeV,  M-107) 
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Figure  34 

vs.  Gate  Voltage  for  Si  Implanted  FET  Run  #365-A 


from  the  "Fat-FET"  structure.  Comparison  of  this  data  to  that  of  Fig.  22 
for  a non-buffered  run  shows  that  the  mobility  and  transconductance  near  pinch- 
off  are  considerably  improved.  In  spite  of  the  improved  d.c.  characteristics, 
we  have  not  seen  an  improvement  in  r.f.  performance  expected  as  a result  of  the 
buffer  layer.  The  6 GHz  gain  and  noise  figure  are  comparable  to  that  of  the 
non-buffered  devices,  but  the  18  GHz  performance  is  slightly  inferior.  This 
anomaly  may  be  due  to  the  excess  capacitance  at  pinch-off  which  has  been 
observed  with  buffer  layers.  Further  work  to  improve  the  performance  of 
implanted  buffer  layered  FETs  is  required. 

F.  CONCLUSIONS 

1.  A low  temperature  plasma  Si 3N^  capping  process  has  been 
developed  for  the  annealing  of  ion  implanted  GaAs  wafers.  These  films  show 
excellent  high  temperature  properties,  allowing  annealing  of  implanted  layers 
up  to  1000°C. 

2.  A procedure  has  been  developed  defining  the  acceptance  criteria 
for  Cr  doped  GaAs  substrates  for  use  in  the  ion  implantation  process.  This 
process  involves  the  measurement  of  surface  breakdown  voltage  and  capacitance 
before  and  after  an  annealing  cycle  using  a Si^  cap.  The  yield  of  good  FETs 
to  this  screening  process  has  been  excellent. 

3.  Ion  implanted  FETs  have  been  fabricated  using  Se  and  Si  as  the 
dopant.  Si  has  consistently  produced  FETs  of  superior  performance  compared  to 
Se.  The  best  RF  performance  to  date,  achieved  using  Si  implanted  at  120  KeV, 

4>  = 2 x 1012cm-2,  is  N.F.  = 2.5  dB  and  G = 6 dB  at  18  GHz.  At  6 GHz,  N.F.  = 1.6 
dB  and  G = 11.5  dB.  These  results  are  achieved  by  implanting  directly  into  the 
Cr  doped  substrate. 

4.  N+  contacts  have  been  investigated  using  two  approaches: 

• Non-selecti ve  — implant  N+  over  the  entire  active  layer 
surface  and  etch  away  under  the  gate. 

• Selective  — implant  N+  into  contact  areas  through  either 
a metal  mask  or  photoresist. 
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The  "non-selective"  technique  has  not  given  performance  as  good  as  the  single 
energy  implant.  The  "selective"  technique  has  not  yet  been  evaluated. 

5.  Buffer  layers  are  now  routinely  produced,  using  the  ASH 3/HCl 
method  which  have  liquid  nitrogen  mobility  - 200,000cm2v“1sec~1 , and  doping 
Nd  = 1013cm-3.  Implantation  into  these  buffer  layers  produces  FETs  with  no 
looping  and  excellent  D.C.  characteristics.  RF  performance  is  found  to  be 
equivalent  to  that  of  the  non-buffered  devices  at  6 GHz  (G  = 11.0  dB, 

N.F.  = 1.5  dB),  but  poorer  at  18  GHz.  This  may  be  due  to  a residual  excess 
capacitance  resulting  from  a p-layer  at  the  buffer  layer-Cr  substrate  interface. 
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III.  AMPLIFIER  DEVELOPMENT 


A.  INTRODUCTION 

The  various  amplifiers  delivered  on  the  contract  are  summarized 
in  Table  VII,  as  well  as  some  of  the  characteristics  of  the  gain  modules  and 
FETs  used  in  these  amplifiers.  The  data  in  the  table  shows  that  improvements 
in  the  FETs  and  circuits  over  the  period  of  the  contract  resulted  in  higher 
module  gain  and  power  output  and  lower  module  noise  figure.  Also,  over  the 
period  of  the  contract  the  Maximum  Available  Gain  of  the  FETs  at  18  GHz  and 
the  corrected  noise  figure  were  improved  by  very  significant  amounts. 

All  of  the  gain  modules  in  the  amplifiers  are  balanced  amplifiers  (2  FETs  per 
module).  Each  gain  module  contains  its  own  source  and  drain  resistors  and 
bypass  capacitors,  FET  input  and  output  matching  networks,  and  low  VSWR  input 
and  output  Lange  [9]  couplers.  These  gain  modules  can  be  selected  for  particu- 
lar characteristics  and  then  connected  together  in  any  order.  The  ribbons 
which  connect  the  microstrip  lines  of  one  gain  module  to  the  microstrip  lines 
of  the  next  module  are  compensated  by  capacitive  tabs  to  reduce  reflections 
and,  therefore,  "bumps"  in  the  gain  curve. 

The  input  and  output  of  each  amplifier  is  a 90°,  hermetically  sealed,  SMA-to- 
microstrip  adapter.  These  adapters  have  a VSWR  of  1.2  or  less  through  18  GHz. 
To  reduce  reverse  gain  and  possible  oscillation,  the  region  above  the  gain 
modules  in  an  assembled  amplifier  is  a below-cutoff  waveguide  within  the 
specified  frequency  range.  At  frequencies  above  the  cutoff  frequency  of 
this  waveguide  where  the  forward  gain  may  be  over  20  dB  (for  a 40  dB  gain 
am,  , fier),  lossy  material  is  placed  in  the  waveguide  to  rtduce  reverse  gain. 

On  this  contract  the  amplifiers  were  assembled  in  stainless  steel  cases.  The 
two  halves  of  the  case  are  welded  to  form  a hermetically  sealed  amplifier. 

The  amplifiers  can  be  placed  in  larger  packages  with  integral  power  supplies. 
Two  such  amplifier  pairs  with  integral  power  supplies  were  delivered  on  the 
contract.  The  10.7  to  18  GHz  amplifiers  were  in  a 2 x 2 x 11,  TWT  equivalent 
package.  The  7 to  18  GHz  amplifiers  were  mounted  on  a smaller  Avantek  stan- 
dard power  supply. 


Final  tests  on  the  7 to  18  GHz  amplifiers  indicated  that  these  amplifiers  met 
all  specifications  in  the  original  statement  of  work  except  those  shown  in  the 
following  table. 
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Specification 

Measured 

Phase  Deviation 

±10°  max 

+20,  -30 

Phase  Matching 

o 

v| 

<5.3° 

Safe  Input  Power 

+50  dBm 

+50  dBm 

10%  Duty 

1%  Duty 

The  phase  deviation  was  high  due  to  the  use  of  a 6-element  FET  input  matching 
network  to  obtain  a flat  gain  response  down  to  less  than  7 GHz.  The  peak  pulse 
power  handling  ability  of  the  input  signal  limiter  is  limited  by  the  power  dis- 
sipation of  the  diodes  which  are  presently  available. 

Final  tests  on  the  10.7  to  18  GHz  amplifiers  indicated  that  these  amplifiers 
met  all  specifications  over  temperature  except  those  shown  in  the  following 
table. 


Specification 

Measured 

Gain  Variation 

0.5  dB  over 

0.8  dB  over 

0.5  GHz  band 

0.5  GHz  band 

(0°C  to  65°C) 

Phase  Deviation 

+10°  max 

±14° 

Phase  Matching 

O 

LO, 
v | 

<8° 

(0°C  to  65°C) 

Safe  Input  Power 

+50  dBm 

+50  dBm 

10%  Duty 

1%  Duty 

The  calculated  curves  of  gain  and  mismatch  loss  in  the  following  sections  were 
obtained  through  the  use  of  Avantek  computer  simulation  and  circuit  synthesis 
programs. 
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B.  FET  SELECTION 


A detailed  model  or  equivalent  circuit  for  an  M-107  FET  is  shown 
in  Fig.  11.  This  actual  equivalent  circuit  is  more  complicated  than  necessary 
to  get  approximate  element  values  for  the  FET  matching  networks  from  a circuit 
synthesis  program.  The  equivalent  circuit  of  the  FET  is,  therefore,  simplified 
to  be  as  shown  in  Fig.  35.  This  simplified  equivalent  circuit  is  accurate  only 
over  a narrow  frequency  range  and  for  either  S-parameter  or  simultaneous  match. 
After  the  values  of  the  elements  in  both  the  input  and  output  matching  networks 
have  been  determined  from  the  synthesis  program,  the  complete  amplifier  circuit 
may  be  simulated  on  a computer  program  which  uses  measured  S-parameters  or  the 
equivalent  of  the  complete  and  accurate  FET  model. 

The  matching  networks  are  initially  designed  using  the  element  values  of  the 
simplified  FET  equivalent  circuit;  conversely,  FETs  may  be  selected  for  use  in 
a circuit  on  the  basis  of  their  simplified  equivalent  circuit  element  values. 
FETs  with  approximately  the  same  element  values  can  be  used  in  similar  amplifier 
circuits. 

The  minimum  gate  bonding  inductance  and  the  frequency  range  of  the  amplifier 
determine  the  maximum  allowable  FET  input  capacity,  or  vice  versa.  Since  the 
physical  layout  of  the  circuit  determines  the  gate  bonding  inductance,  every 
effort  was  made  to  keep  this  inductance  as  small  as  possible  without  resorting 
to  a "flip-chip"  design.  Table  VII  shows  that  the  FET  input  capacity  should 
be  approximately  0.2  pF  for  the  physical  layout  of  either  the  7 to  18  GHz  or 
10.7  to  18  GHz  gain  modules.  Since  the  gain  of  the  M-107  circuits  in  the  10.7 
to  18  GHz  amplifiers  fell  off  too  rapidly  above  17  GHz  to  meet  the  0.5  dB  gain 
change  per  0.5  bandwidth  specification,  the  FETs  selected  for  use  in  these 
circuits  should  have  had  a smaller  input  capacity.  For  a given  bandwidth  as 
determined  by  Fano's  equation  [10]  (see  Fig.  35),  the  RC  product  of  the  FET 
input  circuit  must  be  greater  than  or  equal  to  some  value.  In  other  words, 
the  Q of  the  input  circuit  has  a maximum  usable  value. 

Similarly,  the  maximum  FET  output  capacity  is  determined  by  the  drain  bonding 
inductance  and  the  frequency  range.  The  bonding  inductance  is  determined  by 
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the  physical  layout  of  the  circuit.  For  a given  bandwidth  as  determined  by 
Fano's  equation,  both  the  RC  product  and  the  Q of  the  FET  output  circuit  must 
be  less  than  or  equal  to  a particular  value. 

All  of  the  gain  modules  used  4-element  FET  output  matching  circuits.  The 
impedance  transforming  ability  of  a 4-element  matching  circuit  is  limited  [10]. 
Therefore,  for  a small  ripple  in  the  gain  curve  (small  impedance  mismatch), 
the  bandwidth  of  the  M-104/R35A  FETs  were  limited  by  the  impedance  transforming 
ability  of  the  4-element  matching  network.  These  FETs  could  not  be  used  for 
the  7 to  18  GHz  amplifiers.  In  Table  VII  the  output  resistance  of  the  M-l 04/ 
R35A  FET  is  seen  to  be  approximately  twice  the  output  resistance  of  the  other 
wider  gate  FETs.  As  an  example.  Fig.  36  shows  a plot  of  the  mismatch 
loss  for  the  M-104/R35A  FET  for  two  different  output  matching  circuits.  For 
the  10.7  to  18  GHz  frequency  range,  the  4-element  matching  circuit  has  a 2 dB 
slope  and  is  able  to  match  1050  ohms  to  50  ohms.  For  the  7 to  18  GHz  frequency 
range  and  7 dB  slope,  the  maximum  impedance  transformation  is  from  1050  ohms  to 
only  70  ohms.  One  curve  shows  the  relatively  straight  line  slope  for  this 
matching  network  with  a 70  ohm  termination.  Another  curve  shows  the  high 
ripple  in  the  mismatch  curve  if  the  termination  is  changed  from  70  to  50  ohms 
with  no  other  changes  in  the  circuit.  Any  ripples  in  the  mismatch  loss  curve 
appear  as  ripples  in  the  gain  curve. 

Tables  VIII  through  XII  show  Automatic  Network  Analyzer  (ANA)  listings  for 
the  3 different  FETs  used  in  the  final  10.7  to  18  GHz  and  7 to  18  GHz  ampli- 
fiers. The  data  in  Table  VIII  was  taken  at  high  current  (near  IDSS)  where 
the  M-104  was  normally  used.  The  data  in  Tables  IX  and  XI  was  taken  on  M-107's 
at  low  current  where  the  noise  figure  was  near  optimum.  The  data  in  Tables  X 
and  XII  was  taken  at  higher  currents  where  the  M-l 07 ' s were  used  for  high 
gain  and  power  output. 
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SER  NO.  1 


TABLE  XI 


FET  EVALUATION 
M— 107  EXP-338 


B X ASs 


2.  00  VOLTS.  12.  00  MA 


S — HAGN  AND  ANGLES: 


FREQ 

11 

21 

12 

22 

2000. 00 

979 

-15.  3 

1.  714 

163. 

6 

. 018 

85.  5 

. 792 

-5. 

8 

3000.  00 

. 950 

-21  2 

1.  653 

156. 

5 

026 

84  9 

. 778 

-6. 

2 

4000. 00 

. 936 

-26.  9 

1.  672 

149. 

4 

. 033 

85.  1 

. 769 

-7. 

8 

5000.  00 

893 

-33.  0 

1.  678 

143. 

6 

. 038 

85.  4 

. 748 

-10. 

0 

6000.  00 

. 862 

-40.  5 

1.  711 

134. 

8 

. 043 

84.  3 

. 750 

-13. 

9 

7000. 00 

. 834 

-46.  7 

1.  691 

126. 

6 

. 047 

87.  0 

. 723 

-18. 

5 

8000.  00 

. 777 

-58.  0 

1.  687 

119. 

8 

. 048 

87.  9 

. 717 

-21. 

9 

9000. 00 

. 736 

-65.  2 

1.  628 

110. 

2 

. 052 

87.  7 

. 728 

-26. 

4 

10000.  00 

. 683 

-75.  1 

1.  592 

103. 

0 

. 054 

89.  2 

. 706 

-31. 

9 

11000.00*  1 

..  175 

-86.  4 

1.  409 

96. 

8 

. 055 

94.  6 

. 713 

-36. 

3 

12000.  00 

. 620 

-91.  6 

1.  528 

88. 

5 

. 063 

92.  5 

. 714 

-42. 

1 

13000.  00 

. 573 

-104.  5 

1.  490 

79. 

0 

. 067 

92.  4 

. 698 

-44. 

5 

14000.  00 

. 525 

-117.  3 

1.  406 

72. 

6 

. 068 

94.  2 

. 698 

-46. 

9 

15000.  00 

. 536 

-129. 6 

1.  396 

63. 

4 

. 086 

91.  8 

. 723 

-52. 

9 

16000.  00* 

. 537 

-139.  5 

1.  310 

50. 

3 

. 090 

81.  4 

*1.  351 

-61. 

3 

17000.  00 

. 494 

-149.  5 

1.  332 

48. 

6 

. 106 

84.  8 

. 701 

-60. 

9 

17999.  99 

. 464 

-163.  7 

1.  338 

40. 

4 

. 116 

76.  9 

. 711 

-64. 

9 

REF  PLANES 

= 

3.  09 

3.  09 

O' 

*■* 

CO 

FREQ 

S21 
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K 

MAG 

MASON 

MHZ 

DB 

DB 

DB 

DB 

2000.  00 

4.  68 

19.  70 

. 26 

******* 

30.  09 

3000.  00 

4.  36 

18.  09 

. 49 

******* 

22.  67 

4000.  00 

4.  47 

17.  11 

. 50 

******* 

25.  63 

5000.  00 

4.  50 

16.  46 

. 71 

******* 

20.  76 

6000. 00 

4.  67 

15.  98 

. 76 

******* 

22.  18 

7000.  00 

4.  56 

15.  58 

. 86 

******* 

22.  84 

8000.  00 

4.  54 

15.  46 

1.  07 

13.  90 

18.  88 

9000.  00 

4.  23 

14.  97 

1.  14 

12.  71 

18.  40 

10000.  00 

4.  04 

14.  69 

1.  36 

11.  10 

15.  44 

11000. 00* 

2.  98 

14.  10 

-1.  75 

******* 

****** 

12000  00 

3.  68 

13.  84 

1.  30 

10.  56 

15.  71 

13000.  00 

3.  47 

13.  45 

1.  46 

9.  43 

13.  19 

14000. 00 

2.  96 

13.  14 

1.  66 

8.  38 

11.  09 

15000.  00 

2.  90 

12.  12 

1.  12 

10.  00 

14.  78 

16000.  00* 

2.  35 

11.  65 

-3.  08 

******* 

****** 

17000. 00 

2.  49 

11.  00 

1.  10 

9.  05 

12.  74 

17999.  99 

2.  53 

10.  63 

1.  01 

10.  04 

13  87 

REF  PLANES  = 

3.  09 

3 09 

6.  18 
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TABLE  XII 


FET  EVALUATION 
M— 107  EXP-338 


SER  NO.  1 

B I AS= 

2.  00  VOLTS. 

20.  00  MA 

S — MAGN  AND 

ANGLES. 

FREQ 

11 

21 

12 

22 

2000.  00 

. 978 

-16.  4 

2.  011 

162.  9 

. 016 

85.  6 

. 797 

-5.  6 

3000.  00 

. 944 

-22.  8 

1.  933 

155.  6 

. 023 

85.  8 

. 784 

-5.  9 

4000.  00 

. 928 

-28.  9 

1.  952 

148.  7 

. 028 

86.  7 

. 773 

-7.  3 

5000.  00 

. 876 

-35.  7 

1.  951 

142.  4 

. 033 

87.  8 

. 752 

-9.  4 

6000.  00 

. 854 

-44.  0 

1.  974 

133.  5 

. 037 

88.  6 

. 756 

-13.  2 

7000.  00 

. 803 

-53.  5 

1.  934 

125.  2 

. 040 

90.  5 

. 729 

-17.  5 

8000.  00 

. 762 

-60.  4 

1.  924 

118.  5 

. 042 

95.  7 

. 721 

-20.  6 

9000.  00 

. 710 

-69.  2 

1.  846 

108.  9 

. 045 

97.  2 

. 736 

-24.  9 

10000.  00 

. 655 

-79.  6 

1.  797 

101.  4 

. 049 

99.  9 

. 715 

-30.  2 

11000.  00 

. 628 

-87.  6 

1.  743 

94.  4 

. 055 

104.  8 

. 723 

-34.  5 

12000.  00 

. 588 

-98.  0 

1.  704 

85.  9 

. 060 

103.  6 

. 729 

-40.  5 

13000. 00 

. 541 

-110.  3 

1.  649 

77.  7 

. 066 

103.  4 

. 713 

-42.  7 

14000.  00 

. 496 

-123.  5 

1.  553 

71.  7 

. 068 

105.  1 

. 715 

-45.  1 

15000. 00 

. 510 

-135.  6 

1.  532 

62.  5 

. 086 

101.  2 

. 744 

-51. 0 

16000. 00 

. 513 

-145.  6 

1.  490 

55.  2 

. 094 

97.  3 

. 730 

-56.  1 

17000.  00 

. 473 

-155.  6 

1.  453 

48.  0 

. 106 

92.  3 

. 729 

-59.  5 

17999. 99 

. 441 

-170.  5 

1.  453 

39.  5 

. 118 

84.  6 

. 741 

-62.  9 

REF  PLANES  = 

3.  09 

3.  09 

6.  18 

FREQ 

S21 

MSG 

K 

MAG 

MASON 

MHZ 

DB 

DB 

DB 

DB 

2000. 00 

6.  07 

20.  94 

. 26 

******* 

32.  94 

3000.  00 

5.  72 

19.  33 

. 50 

******* 

24.  43 

4000.  00 

5.  81 

18.  39 

. 51 

******* 

28.  82 

5000. 00 

5.  80 

17.  78 

. 77 

******* 

22.  02 

6000.  00 

5.  91 

17.  28 

. 73 

******* 

31.  26 

7000.  00 

5.  73 

16.  83 

. 94 

******* 

22.  90 

8000.  00 

5.  68 

16.  60 

1.  05 

15.  25 

22.  46 

9000.  00 

5.  33 

16.  08 

1.  13 

13.  89 

21.  12 

lOO^  00 

5.  09 

15.  68 

1.  34 

12.  22 

17.  15 

llOuu.  00 

4.  83 

15.  04 

1.  21 

12.  27 

18.  25 

12000.  00 

4.  63 

14.  53 

1.  18 

11.  94 

17.  66 

13000  00 

4.  34 

13.  99 

1.  31 

10.  64 

14.  51 

14000.  00 

3.  82 

13.  58 

1.  45 

9.  59 

12.  32 

15000.  00 

3.  71 

12.  49 

. 94 

******* 

17.  11 

16000.  00 

3.  47 

11.  99 

- . 92 

******* 

16.  03 

17000.  00 

3.  24 

11.  35 

. 91 

******* 

14.  99 

17999  99 

3.  25 

10.  89 

. 82 

******* 

17.  07 

REF  PLANES  = 

3.  09 

3.  09 

6.  18 
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To  summarize,  the  following  FET  characteristics  must  be  specified  if  the  FET 
is  to  be  useful  in  a particular  physical  circuit: 


C.  and  C . 
in  out 


<RC>ir,p„t 

(^output 

R.  and  R . 
in  out 


MAG 


- maximum  values  which  depend  upon  upon  bonding 
inductance 

- minimum  value  depends  upon  bandwidth 

- maximum  value  depends  upon  bandwidth 

- minimum  value  of  R^n  and  maximum  value  of  RQut 
which  depend  on  impedance  transforming  ability 
of  matching  network 

- (desired  gain)  + (imput  and  output  mismatch  loss) 
+ (circuit  losses) 


r^1  — 

C.  SINGLE-ENDED  AMPLIFIERS 

The  gain  of  an  amplifier  is  equal  to  the  maximum  available  gain 
minus  the  sum  of  the  mismatch  losses  of  the  input  and  output  matching  net- 
works. 

Gain  = MAG  - (MMLSn  and  MMLS22) 

For  a flat  gain  response  over  the  bandwidth  of  the  amplifier  the  right  hand 
side  of  the  equation  must  be  a constant.  Since  MAG  decreases  with  increasing 
frequency  at  about  6 dB/octave,  the  sum  of  the  mismatch  losses  should  decrease 
with  increasing  frequency  at  the  same  rate  of  about  6 dB/octave.  In  addition, 
to  have  the  highest  gain  at  the  high  frequency  end  of  the  desired  band  the  sum 
of  the  mismatch  losses  must  be  as  small  as  possible  at  that  frequency. 

The  mismatch  loss  of  a circuit  is: 

Loss  = 1/(1  - | p | 2 ) 

For  a given  input  or  output  FET  RC  product  Fano's  equation  (Fig.  35)  shows  that 

the  narrower  the  bandwidth,  the  higher  must  be  the  term,  Ln  |l/p|.  Or,  the  nar- 
rower the  bandwidth,  the  smaller  will  be  p and  the  mismatch  loss.  Also,  the 

wider  the  bandwidth,  the  higher  will  be  p and  the  mismatch  loss.  The  FET  RC 

product  determines  the  maximum  bandwidth  obtainable  from  a particular  type  of 
matching  network. 

Figure  37  shows  the  calculated  mismatch  loss  for  two  different  input  matching 
networks  for  an  M-107  type  FET  over  the  5 to  20  GHz  frequency  range.  The  upper 
cu'-ve  is  for  a 4-element  matching  network  and  the  lower  curve  is  for  the  6-ele- 
meni  matching  network  that  was  used  in  the  7 to  18  GHz  amplifiers.  At  7 GHz 
the  loss  for  the  4-element  network  is  about  0.5  dB  higher  than  the  loss  for 
the  6-element  network.  Since  6 gain  modules  were  used  in  the  7 to  18  GHz 
amplifier,  this  0.5  dB  loss  per  matching  network  would  have  corresponded  to 
a 3 dB  loss  in  gain  at  7 GHz  for  a complete  amplifier.  The  ripple  in  the  mis- 
match loss  curves  must  be  kept  low  so  that  the  total  ripple  in  the  gain  curve 
for  a single,  balanced  gain  module  is  only  ±0.2  dB  maximum.  Many  gain  modjles 
may  then  be  connected  together  with  a low  resultant  amplifier  gain  ripple. 
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Sinale  Ended  7 to  18  GHz  Amplifier 


16  18  20 


Also  shown  in  Fig.  37  are  the  data  on  a single-ended  7 to  18  GHz  amplifier. 
This  amplifier  used  the  6-element  input  matching  network  and  a 4-element  out- 
put matching  network.  The  measured  mismatch  loss  on  the  6-element  network 
agrees  with  the  calculated  values  within  a few  tenths  of  a dB.  The  gain  of 
the  complete  amplifier  was  calculated  using  a computer  simulation  program 
with  measured  S-parameters.  The  measured  gain  is  about  0.5  dB  lower  than 
the  calculated  gain. 

The  calculated  and  measured  data  for  a single-ended  10.7  to  18  GHz  amplifier 
is  shown  in  Fig.  38.  The  measured  input  mismatch  loss  closely  follows  the 
calculated  loss.  The  measured  output  mismatch  loss  has  the  desired  values, 
such  that  the  sum  of  the  mismatch  losses  equals  6 dB/octave.  As  with  the 
7 to  18  GHz  circuit,  the  measured  gain  is  above  the  calculated  gain,  which 
might  suggest  that  the  S-parameters  used  in  the  simulation  program  were 
measured  on  a below-average  device. 

To  demonstrate  the  problem  of  matching  the  high  output  resistance  of  narrow 
gate  FETs  such  as  the  M-104,  the  transformed  output  resistance  values 
in  Fig.  39  were  calculated  [11],  [12],  [13].  The  equivalent  output  circuit 
of  the  FET  is  assumed  to  be  1000  ohms  shunted  by  0.03  picofarads.  For  an 
assumed  ripple  of  0.25  dB  and  zero  slope,  the  circuits  were  synthesized. 

After  synthesis,  the  output  resistance  for  4,  6 or  8-element  matching  networks 
are  all  over  400  ohms  for  either  7 to  18  GHz  or  10.7  to  18  GHz  frequency 
ranges.  The  maximum  impedance  transformation  possible  using  the  L-connected 
inductors  was  then  calculated.  It  is  seen  that  at  least  an  8-element  net- 
work is  necessary  to  match  1000  ohms  to  50  ohms  over  the  7 to  18  GHz  fre- 
quency range.  A 4-element  network  can  be  used  to  match  1000  ohms  to  50 
Ohio  over  the  narrower  10.7  to  18  GHz  frequency  range. 

There  are  special  problems  in  realizing  any  of  these  networks.  For  example, 
a low  frequency  wire  table  shows  that  a 4.5  nanohenry  inductance  requires  a 
length  of  0.5  mil  diameter  wire  which  is  0.12  inches  long;  but  0.12  inches 
is  0.18  wavelengths  in  the  air  at  18  GHz.  Since  this  wire  is  electrically 
long,  it  must  be  considered  a high  impedance  transmission  line.  Also,  the 
location  of  the  elements  on  the  substrate  as  required  by  the  matching  network 
compared  to  the  location  of  RF  grounds  and  FET  and  coupler  terminals  make  some 
matching  networks  difficult  to  achieve. 
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Figure  38 

Single  Ended  10.7  to  18  GHz  Amplifier 
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Possible  Bandpass  Matching'  Networks 


Figure  39 

Maximum  Impedance  Transformation  using  4,  6,  or  8 Element  Networks 


Several  sources  of  error  in  circuit  synthesis  and  simulation  are:  (1)  the 


inaccuracy  of  the  S-parameter  data,  (2)  the  reference  planes  error  (or  bonding 
inductance),  (3)  the  overly-simplified  FET  equivalent  circuit  is  not  accurate 
over  the  entire  frequency  range,  and  (4)  the  equivalent  resistance  and  capaci- 
tance of  the  FET  should  correspond  to  those  for  simultaneous  match  rather  than 
unilateral  match  near  the  high  frequency  edge  of  the  band. 


D.  BALANCED  GAIN  MODULES 


A schematic  diagram  of  a balanced  amplifier  module  is  shown  in 
Fig.  40  [14].  An  input  signal  applied  at  (T)  , splits  and  appears  at  (3) 
and  •/4) . The  two  signals  at  those  points  are  now  90°  out  of  phase  because 
of  the  hybrid  coupler.  The  two  signals  are  amplified  by  A1  and  A2  which 
are  made  as  identical  as  possible.  The  two  signals  are  then  recombined  by 
the  output  hybrid  coupler. 

The  phasing  is  such  that  they  appear  at  (7)  in  phase  and  at  (§),180°  out  of 
phase.  If  the  coupling  of  the  hybrids  is  exactly  3 dB  at  a particular  fre- 
quency, then  the  two  signals  cancel  at  (8)  and  the  gain  of  the  balanced  ampli- 
fier from  ® to  0 is  that  of  the  individual  stages  A1  or  A2,  minus  any  losses 
in  the  hybrids.  At  frequencies  where  the  coupling  is  not  3 dB,  there  will  be 
a reduction  in  gain  from  (T)  to  (7)  equal  to  2k/l-k2  where  k2  is  the  coupling 
of  the  coupled  port,  (k2  = 0.5  for  3 dB  coupling.) 

The  deviation  of  coupling  from  3 dB  will  cause  mismatch  loss  and  ripple  in  the 
balanced  amplifier  (see  Fig.  42  ).  A coupler  with  3 dB  of  coupling  at  midband 
would  cause  significant  loss  (*0.3  dB)  at  the  band  edges  of  a 7 to  18  GHz 
amplifier.  By  overcoupling  the  design  at  midband,  some  loss  occurs  at  midband 
but  bandpass  response  of  the  amplifier  is  significantly  increased.  A 2.4  dB 
coupling  seemed  to  be  the  best  compromise  for  the  7 to  18  GHz  band  since  it 
caused  less  than  0.1  dB  of  degradation  in  gain  from  6.5  to  18.5  GHz.  Likewise. 
2.8  dB  coupling  was  selected  for  the  10.7  to  18  GHz  band. 

The  most  significant  reason  for  using  balanced  construction,  however,  is  the 
improvement  in  VSWR  which  is  gained  over  that  of  a single-ended  amplifier. 

Again  referring  to  Fig.  40,  any  reflections  at  (3)  and  ® due  to  a signal  at 
(T)  are  again  split  by  the  input  hybrid.  If  the  amplifiers  have  identical 
reflection  coefficients,  and  the  coupling  is  3 dB  at  that  particular  frequency, 
the  reflections  will  be  in  phase  at  (5)  and  will  be  absorbed  by  the  50  ohm 
termination.  The  reflections  will  cancel  at  (T)  and  make  the  amplifier  appear 
to  have  unity  VSWR.  For  frequencies  where  the  coupling  is  not  3 dB,  the 
improvement  return  loss  over  that  of  the  single-ended  stages  will  be  (2k2-l). 
Figure  41  shows  the  coupler  dimensions. 
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Figure  40 

Schematic  Diagram  of  a Balanced  Amplifier  Module 
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Figure  42 

Through  Loss  for  2-Single  Section  90°  Hybrids 
Connected  in  Balanced  Configuration 
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Figure  43  shows  the  improvement  in  return  loss  vs.  frequency  for  a 2.4  and  3.0 
dB  single  section  coupler. 

The  theoretical  midband  improvement  in  return  loss  is  16  dB  for  a 2.4  dB  coupler 
and  26  dB  for  2.8  dB  coupler.  A 16  dB  improvement  corresponds  to  a VSWR  = 1.38 
maximum  and  26  dB  corresponds  to  a VSWR  =1.1  maximum  when  (3)  and  0 are  con- 
nected to  unity  reflection  coefficient.  This  improvement. in  return  loss  can  be 
measured  approximately  if  two  couplers  are  placed  back-to-back  (replacing  the 
amplifiers  in  Fig.  40  with  direct  connections)  and  the  signal  at  (8)  compared 
with  the  signal  at  ©.  Both  terminals  (2)  and  ® now  have  50  ohm  terminations. 
Figure  43  shows  the  measurements  on  pairs  of  couplers  for  both  7 to  18  GHz  and 
10.7  to  18  GHz  frequency  ranges.  The  "thru"  measurement  in  the  "Loss  in  Gain" 
curves  indicates  the  loss  through  two  APC-7 -to -microstrip  launchers  and  a straight 
50  ohm  microstrip  line  (replacing  the  pairs  of  couplers)  between  the  launchers. 

The  added  loss  of  the  pair  of  couplers  is  only  a few  tenths  of  a dB.  The  measure- 
ment accuracy  was  not  sufficient  to  show  the  extra  small  midband  loss  shown  in 
Fig.  41.  The  "Improvement  in  Return  Loss"  curve  in  Fig. 44  for  the  7 to  18  GHz 
coupler  closely  approximates  the  theoretical  curve  in  Fig. 43  . 

Of  the  many  possible  types  of  couplers  and  methods  of  manufacture,  the  simplicity 
and  the  advantage  of  having  an  all  "microstrip"  design  dictated  using  a Lange  [9] 
coupler. 

Data  on  complete  balanced  gain  modules  are  shown  in  the  following  figures  and 
tables.  All  of  the  data  on  individual  gain  modules  were  taken  using  our  own 
APC-7-to-microstrip  adaptors.  Each  adaptor  has  a loss  of  about  0.2  dB,  as 
ir  ited  in  the  top  of  Fig. 44,  and  this  loss  should  be  subtracted  from  the 
noise  figure  values  and  two  times  this,  or  0.4  dB,  loss  added  to  the  gain  values 
shown.  The  reflections  in  these  adaptors  will  affect  the  VSWR  values  shown. 

The  gain  modules  have  parameters  which  change  slowly  with  frequency,  so  that 
any  abrupt  changes  shown  on  an  ANA  listing  indicates  a poor  ANA  calibration  at 
that  frequency. 

Data  on  the  10.7  to  18  GHz  gain  modules  using  the  M-104/R35A  FETs  are  shown  in 
Table  XIII  and  Fig.  45.  Table  XIII  is  an  ANA  listing  which  shows  the  low  VSWR 


-92- 


Frequency  GHz 


Figure  43 

Improvement  in  Return  Loss  vs.  Frequency 
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expected  from  the  use  of  couplers  and  a balanced  amplifier  design.  The  gain 
varies  from  about  5.4  to  6 dB  across  the  band.  The  M-104  gain  modules  in 
particular  were  tuned  to  have  an  increasing  gain  with  frequency  to  overcome 
the  loss  in  the  input  signal  limiter.  The  phase  deviation  follows  the 
expected  curve  which  is  slightly  positive  near  10.7  and  slightly  negative 
near  18  GHz.  The  phase  deviation  data  is  somewhat  erratic  which  indicates 
that  the  data  is  near  the  resolution  of  the  ANA.  Figure  44  shows  the  gain, 
corrected  noise  figure,  and  noise  figure  for  an  infinite  cascade*  of  these 
modules.  Because  of  the  high  noise  figure  for  this  particular  slice  of  M-104 
transistors,  the  M-104  gain  modules  were  placed  near  the  middle  of  the  ampli- 
fier where  they  could  supply  6 dB  gain  without  affecting  the  amplifier  noise 
figure.  The  power  output  at  1 dB  gain  compression  of  an  M-104  gain  module  at 
18  GHz  is  approximately  +10  dBm. 

Data  on  the  10.7  to  18  GHz  gain  module  using  the  M-107/323D  FET  is  shown  in 
the  ANA  listing  of  Table  XIV.  The  VSWR  is  quite  low.  The  module  current  was 
adjusted  for  good  noise  figure,  so  that  the  gain  is  only  4.6  near  10.7  GHz  to 
near  4.0  at  18  GHz.  Over  the  center  of  the  band  the  gain  variation  or  "Flatness" 
is  very  small.  For  drain  currents  near  1^  the  gain  increases  to  near  7 dB. 

The  phase  deviation  is  only  1 or  2 degrees  over  most  of  the  band.  Figure  46 
is  for  a single-ended  M-107  circuit  but  shows  noise  figure  data  similar  to 
Fig.  45  . For  a total  module  current  of  25  mA  (12.5  mA  in  Fig. 46  ) the  infi- 
nite cascade  noise  figure  is  7.1  dB  which  compares  to  9 dB  for  the  older 
M-104.  The  power  output  at  1 dB  gain  compression  of  the  M-107  gain  module 
is  near  +15  dBm. 

Data  on  two,  7 to  18  GHz  gain  modules  which  use  the  M-l 07/338  FET  are  shown 
in  the  ANA  listings  in  Tables  XV  and  XVI.  The  VSWR's,  again,  are  very  low. 

The  gain  of  both  modules  is  near  5 dB  with  the  gain  increasing  with  frequency. 


* The  noise  figure  of  an  infinite  cascade  (F«*>)  of  amplifiers  having  indi- 
vidual noise  figures  of  F,  and  Gains,  G,  is: 

F<»=  F + -£t- 
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Frequency  = 18  GHz 
FET:  M-107,  EXP  323D 
Vds  = 2 Volts 


Figure  46 

Gain  and  Noise  Figure  for  a 10.7  to  13  GHz  M-107  Gain  Module 


J 


-99- 


TABLE  XV 


wM 

sept  'r'o, 


197  7 


7 10  18  MODULE 
PHASE  MATCH 


FPFQ 

VSWR 

S/N  3 

GAIN  FLAT  PHASE 

PHASE 

I SOL 

VSWR 

M!  IZ 

IN 

DB 

DB  DEG 

DEV 

DB 

OUT 

5000.  0 

2.  11 

1.  38 

-75.  43 

34.  23 

1.  88 

5 3'?  3.  3 

1.  34 

3.  01 

-124.  38 

31.  35 

1.  73 

3666.  7 

1.  62 

3.  36 

-174.  23 

29.  33 

1.  58 

. 6000.  0 

1.  44 

4.  17 

141.  75 

28.  37 

1.  43 

6333.  3 

1.  34 

4.  56 

97.  13 

27.  52  ' 

1.  33 

6666.  7 

1.  27 

4.  69 

36.  40 

26.  84 

1.  26 

7000.  0 

1.  22 

4.  73 

. 16  16.  31 

13.  03 

26.  29 

1.  22 

7333.  3 

1.  13 

4.  78 

. 10  -22.  86 

8.  33 

25.  75 

l.  18 

7666.  7 

1.  13 

4.  70 

. 10  -60.  25 

5.  36 

25.  48 

1.  16 

3000.  0 

1.  03 

4.  91 

-.  02  -93.  24 

1.  79 

25.  11 

1.  15 

0333.  3 

1.  05 

4.  76 

. 13-134.  20 

. 26 

24.  96 

1.  14 

0666.  7 

1.  04 

4.  33 

. 06-169.  69 

-.  79 

24.  61 

1.  13 

9000.  0 

1.  06 

4.  80 

. 09  153.  37 

-2.  82 

24.  38 

1.  13 

9333.  3 

1.  09 

4.  80 

. 03  1 19.  47 

-2.  80 

24.  05 

1.  12 

9666.  7 

1.  10 

4.  75 

. 14  32.  55 

-5.  29 

23.  85 

1.  13 

.1.0000.  0 

1.  10 

4.  76 

. 12  48.  98 

-4.  44 

23.  61 

1.  15 

10333.  3 

1 . 09 

4.  73 

.11  13.  72 

-13.  27 

23.  ^8 

1.  17 

10666.  7 

1 . 06 

4.  77 

. 1 1 -20.  70 

-5.  26 

23.  17 

1.  19 

1 1000. 0 

1.  04 

4.  69 

. 20  -54.  46 

-4.  61 

22.  94 

1.  21 

1 1333.  3 

1 . 03 

4.  69 

. 19  -89.  14 

-4.  85 

22.  58 

1.  21 

1 1666.  7 

1.  03 

4.  61 

. 23  -122.  14 

-3.  43 

22.  49 

1.  21 

13000.  0 

l . 03 

4.  73 

. 13  -1:,  /.  73 

-4.  40 

22.  13 

1.  19 

12333.  3* 

i , . 

' i . 

1.16  169.93 

-a.  52 

21.  11 

1.  15 

12666.  7 

1.  12 

4.  71 

* 7 136.01 

-2.  02 

21.  66 

1.  13 

.13000.  0 

1.  13 

4.  62 

. 26  103.  02 

-.  53 

81.  47 

1.  09 

13333.  3 

1.  15 

4.  74 

. 14  63.  74 

-.  44 

21.  06 

1.  06 

13666.  7 

1.  16 

4.  72 

. 16  35.  34 

. 57 

21.  00 

1.  06 

l-';000.  0 

1.  17 

4.  77 

. 12  1.  23 

. 39 

20.  70 

1.  10 

14333.  3 

1.  13 

4.  89 

. 00  -33.  20 

. 39 

20.  23 

1.  16 

1 •■066.  7 

1.  13 

4.  82 

. 07  -67.  06 

1.  45 

20.  11 

1.  21 

1 OO'OO.  0 

1.  19 

5.  01 

-.  12-100.  40 

2.  54 

19.  71 

1.  25 

16333.  3 

1.  19 

4.  ‘79 

-.  G 7 -135.  51 

1.  05 

19.  43 

1.  30 

13666.  7 

1.  19 

4.  *79 

-.  10-160.  49 

3.  30 

19.  10 

1.  32 

16000.  0 

1.  20 

4.  90 

-.01  156.43 

2.  43 

13.  92 

1.  33 

16333.  3 

l.  21 

5.  03 

14  1.2.  85 

3.  47 

19.  48 

1.  23 

16666.  7 

1.  22 

3.  14 

-.  25  37.  58 

2.  64 

18.  08 

1.  22 

1.7000.  0 

1.  22 

3.  23 

-.  33  52.  88 

2.  36 

17.  64 

1.  15 

17333.  3 

1.  22 

5.  18 

-.  29  16.  19 

. 09 

17.  36 

1.  09 

17666.  7 

1.  20 

5.  20 

-.30  -13.66 

-.  33 

16.  95 

1.  10 

13000.  0 

1.  19 

5.  05 

-.  16  -54.  20 

-1.  44 

16.  49 

1.  16 
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TABLE  XVI 

SEPT  20,  1977 

7 TO  13  MODULE 
PHASE  MATCH 

S/N  4 


r-REQ 

VSUR 

CAIN 

FLAT  PHASE 

PHASE 

I SOL 

VSWR 

MHZ 

IN 

DQ 

DB  DEG 

DEV 

DB 

OUT 

3000.  0 

2.  1 1 

1. 35 

-78.  69 

37.  07 

1.  93 

5333.  3 

1.  06 

2.  78 

-127.  41 

32.  73 

1.  76 

5666.  7 

1 . 66 

3.  54 

-176.  46 

30.  16 

1.  60 

. 6000.  0 

1.  49 

3.  77 

140.  53 

23.  96 

1.  44 

63,33.  3 

1.  40 

4.  15 

96.  85 

27.  99 

1.  34 

6666.  7 

1.  33 

4.  33 

56.  77 

27.  20 

1.  27 

7000.  0 

1.  27 

4.  41 

. 51  17.  11 

1 1.  70 

26.  65 

1.  21 

7333.  3 

1.  23 

4.  51 

. 41  -21.  47 

7.  52 

26.  07 

1.  16 

7666.  7 

1.  17 

4.  56 

. 37  -58.  75 

4.  63 

25.  31 

1.  13 

3000.  0 

1.  12 

4.  74 

. 18  -96.  52 

1.  25 

25.  52 

1.  10 

0333.  3 

1.  03 

4.  64 

. 23-132.  32 

-.  15 

25.  31 

1.  08 

0666.  7 

1.  04 

4.  72 

. 20  -167.  73 

-1.  13 

25.  02 

1.  06 

9000.  0 

1.  01 

4.  70 

. 22  155.  93 

-3.  03 

24.  85 

1.  07 

9333.  3 

t . 03 

4.  72 

.20  121.54 

-3.  13 

24.  60 

1.  09 

9666.  7 

1 04 

4.  64 

. 23  84.  91 

-5.  37 

24.  37 

1.  13 

1.0000.  0 

1 . 04 

4.  67 

.25  51.45 

-4.  44 

24.  23 

1.  17 

10333.  3 

1.  04 

4.  67 

.23  16.  36 

-5.  14 

24.  16 

1.  20 

10666.  7 

1.  05 

4.  63 

. 24  -17.  74 

-4.  84 

24.  01 

1.  24 

l 1000.  0 

1.  07 

4.  59 

. 33  -51.  37 

-4.  03 

23.  83 

1.  26 

1 1333.  3 

l.  09 

4.  63 

. 29  -05.  61 

-3.  93 

23.  51 

1.  27 

1 1666.  7 

1.  12 

4.  0 7 

.35-113.32 

-2.  4 5 

23.  40 

1.  23 

12000.  0 

1.  14 

4.  71 

. 21-153.  95 

-3.  SO 

22.  97 

t.  27 

12333.  3* 

1.  17 

6.  09 

-1.  16  173.  52 

-1.  63 

21.  94 

1.  22 

12666.  7 

1.  18 

4.  7/ 

. .13  139.  76 

-1.  00 

22.  5 7 

1.  21 

13000.  0 

1.  19 

4.  72 

. 20  106.  92 

. 54 

22.  49 

1.  17 

13333.  3 

1.  21 

4.  07 

. 05  72.  35 

. 33 

22.  02 

1.  13 

13666.  7 

1.  22 

4.  37 

. 05  39.  05 

1.  44 

21.  91 

1.  09 

l'!  000.  0 

1.  23 

4.  94 

-.  01  4.  85 

1.  63 

21.  55 

1.  07 

14333.  3 

1.  24 

5.  07 

-.  13  -29.  77 

1.  39 

21.  04 

1.  07 

1 4666.  7 

1.  23 

5.  04 

1 1 -63.  SI 

1.  75 

20.  80 

1.  10 

16000.  0 

1.  21 

5.  22 

-.  29  -97.  46 

2.  49 

20.  32 

1.  13 

13033.  3 

1.  20 

3.  21 

-.  23  -132.  57 

1.  73 

19.  97 

1.  16 

1 ;6A6.  7 

1.  16 

5.  23 

-.  30-165.  77 

2.  98 

19.  51 

1.  19 

(6000.  0 

1.  13 

5.  15 

-.'22  159.20 

2.  33 

19.  02 

1.  19 

1633: 3.  3 

1.  12 

3.  25 

32  125.  1 1 

2.  63 

18.  53 

1.  16 

16666.  7 

1.  12 

5.  34 

-.41  89.  97 

1 . 83 

13.  04 

1.  12 

1 7000.  0 

1.  12 

5.  43 

-.  50  55.  13 

1.  48 

17.  46 

1.  G3 

1 7333.  3 

1.  14 

3.  37 

-.  44  18.  46 

-.  33 

17.  23 

1.  07 

1 7666.  7 

1.  15 

5.  40 

47  -16.  07 

-1.  00 

16.  72 

1.  10 

10000.  0 

1.  16 

5.  36 
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-2.  00 
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1.  15 

I.IMSAR- 

7000.  0 

7000.  0 

( ZA1 ION 

TO 

TO 

RANGE 

10000.  0 

18000.  0 

NOISE 

FIG 


* Bad  Data 


-101- 


The  gain  variation  is  near  ±0.2  dB  if  the  gain  slope  is  ignored  (see  Fig. 47  ). 
The  phase  deviation  is  near  5 degrees  except  near  7 GHz.  This  phase  deviation 
is  much  larger  than  for  the  10.7  to  18  GHz  gain  modules.  The  larger  phase 
deviation  is  due  to  the  increased  bandwidth  and  the  required  use  of  a 6-ele- 
ment input  matching  network. 

Figure  47  shows  the  swept  gain  response  of  these  two  7 to. 18  GHz  gain  modules 
from  4 to  23  GHz.  The  gain  from  7 to  18  GHz  compares  well  with  the  calculated 
gain  curve  in  Fig.  37.  The  out-of-band  gain  (below  6 GHz  and  above  20  GHz)  for 
these  two  gain  modules  has  been  adjusted  so  that  they  are  nearly  equal.  Table 
XVII  shows  a listing,  calculated  from  the  ANA  data,  which  shows  the  gain  and 
phase  of  each  amplifier  and  the  difference  in  gain  (DG12)  and  phase  (DP12) 
between  the  two  modules.  The  difference  in  phase  (DP12)  of  these  modules 
starts  at  near  1 degree  at  7 GHz  and  remains  less  than  4 degrees  through  18  GHz. 

Gain  for  a 7 to  18  GHz  module  as  a function  of  total  module  drain  current  is 
shown  in  Fig.  48.  For  19  mA  total  current,  the  gain  is  from  4 to  4.5  dB  across 
the  band.  At  18  GHz  the  corrected  noise  figure  is  5 dB  and  the  noise  figure  for 
an  infinite  cascade  is  6.4  dB.  These  noise  figures  for  the  M-107/338  in  a 7 to 
18  GHz  module  are  much  better  than  the  M-107/323D  in  the  10.7  to  18  GHz  module. 
(See  Fig.  46.)  For  the  total  module  current  equal  to  1^  of  the  FETs,  the 
gain  is  near  7 dB  from  7 to  18  GHz. 


TABLE  XVII 


sh 

SEPT  20,  1977 

7 TO  18  MODULE 
PHASE  HATCH 

S21  IN  DD 


FREQ 

S/N  3 

GAIN  PHASE 

DG12 

DP  12 

S/N  4 

GAIN  PHASE 

7000.  0 

4.  73  16.  3 

. 32 

-.  3 

4.  41  17.  1 

7333.  3 

4.  73  -22.  9 

. 27 

-1.  4 

4.  51  -21.  5 

7636.  7 

4.  73  -60.  3 

. 23 

-1.  5 

4.  56  -53.  7 

0000.  0 

4.  91  -93.  2 

. 13 

-1.  7 

4.  74  -96.  5 

0333.  3 

4.  76-134.  2 

. 12 

-1.  9 

4.  64-122.  3 

0666.  7 

4.  83-169.  7 

. 11 

-2.  0 

4.  72-1.'  7.  7 

7000.  0 

4.  90  153.  9 

. 09 

-2.  1 

4.  70  156.  0 

9333.  3 

4.  £0  119.  5 

. 03 

-2.  1 

4.  72  121.  5 

9666.  7 

4.  75  32.  5 

. 11 

-2.  4 

4.  64  84.  9 

10000. 

4.  76  49.  0 

. 09 

-2.  5 

4.  67  51.4 

10333. 

4.  78  13.  7 

. 10 

-2.  6 

4.  67  16.  4 

10667. 

4.  77  -20.  7 

. 10 

-3.  0 

4.  63  -17.  7 

11000. 

4.  69  -54.  5 

. 10 

-3.  1 

4.  59  -51.  4 

11333. 

4.  6?  -39.  1 

. 06 

-3.  5 

4.  63  -35.  6 

11667. 

4.  61-122.  1 

. 04 

-3.  6 

4.  57-118.  5 

12000. 

4.  73-157.  7 

. 02 

-3.  3 

4.  71-154.  0 

12333.* 

6.  06  169.  9 

-.  04 

-3.  6 

6 09  173.  5 

12667. 

4.  71  136.  0 

-.  06 

-3.  7 

4.  77  139.  8 

13000. 

4.  62  103.  0 

10 

-3.  9 

4.  72  106.  9 

13333. 

4.  74  63.  7 

-.  13 

-3.  6 

4.  37  72.  3 

13667. 

4.  72  35.  3 

15 

-3.  7 

4.  87  39.  0 

14000. 

4.77  1.2 

-.  17 

-3.  6 

4.  94  4.  9 

14333. 

4.  89  -33.  2 

-.  17 

-3.  4 

5.  07  -29.  8 

14667. 

4.  82  -67.  1 

-.  22 

-3.  2 

5.  04  -63.  3 

10000. 

5.  01-100.  4 

-.  21 

-2.  9 

5.  22  -97.  5 

10333. 

4.  99-133.  5 

-.  22 

•2.  9 

5.  21-132.  6 

10  667. 

4.  99-163.  5 

-.  23 

•2.  7 

5.  23-165.  3 

1 6000. 

4.  90  1 56.  4 

-.  25 

-2.  3 

5.  15  159.  2 

16333. 

3.  03  122.  8 

22 

-2.  3 

5.  25  125.  1 

167.67. 

3.  14  37.  6 

-.  20 

-2.  4 

5.  34  90.  0 

1 7000. 

5.  23  52.  9 

20 

-2.  3 

5.  43  55.  2 

17333. 

5.  18  16.  2 

13 

-2.  3 

5.  37  13.  5 

1766  7. 

5.  20  -13.  7 

-.  20 

-2.  6 

5.  40  -16.  1 

18000. 

5.  05  -54.  2 

31 

-2.  7 

5.  36  -51.  5 
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MODULE  TOTAL 


Figure  48 

Jain  vs.  Drain  Current 


E.  INTERCONNECTIONS  AND  TRANSITIONS 


To  build  an  amplifier  from  a cascade  of  balanced  gain  modules  the 
gain  modules  must  be  connected  together.  Any  reflections  in  the  transmission 
lines  forming  these  interconnections  will  affect  the  impedance  seen  by  the 
drains  of  the  preceeding  module  or  the  gates  of  the  following  module.  This 
change  in  impedance  will  cause  a change  or  "bump"  in  the  gain  and  phase  of 
the  amplifier  at  some  frequency. 

To  reduce  the  reflections  on  the  connections  between  gain  modules,  the  con- 
nections were  compensated  with  capacitive  tabs  in  the  same  manner  that  a micro- 
wave  connector  is  compensated.  Figure  49  shows  the  transmission  loss  and 
return  loss  of  four  one-quarter  inch  lengths  of  50  ohm  microstrip  on  .025  inch 
thick  alumina  placed  between  our  APC-7-to-microstrip  adapters.  The  uncompen- 
sated microstrip  sections  are  seen  to  have  large  "bumps"  in  transmission  and 
return  loss  where  the  reflections  from  the  interconnections  reinforce  each 
other.  The  compensated  interconnections  have  a smooth  transmission  loss  to 
near  18  GHz  and  the  return  loss  remains  higher  than  18  dB  to  near  18  GHz. 

The  18  dB  return  loss  (p  = .125)  is  due  to  the  reflections  of  the  3 inter- 
connections between  the  4 microstrip  sections.  Therefore,  the  reflection 
from  any  one  interconnection  is  very  low. 

All  of  the  amplifiers  shipped  on  the  contract  had  right-angle  hermetic  SMA- 
to-microstrip  adaptors  on  each  end  of  the  cascaded  limiter  and  gain  modules. 

The  reflections  in  the  transitions  must  be  low  for  the  amplifier  to  have  low 
input  and  output  VSWR's.  Also,  any  reflections  in  the  transitions  will  cause 
the  amplifier  to  have  ripples  in  the  gain  curve  as  the  input  frequency  is 
swept. 

The  design  of  these  transitions  was  straightforward,  but  a great  deal  of  care 
was  taken  to  provide  compensation  at  each  change  in  the  type  of  50  ohm  trans- 
mission line  employed.  Figure  50  shows  the  return  loss  from  a transition 
looking  in  through  an  APC-7-to-SMA-adapter  with  the  transition  terminated  in 
a 50  ohm  microstrip  load.  The  50  ohm  load  had  better  than  30  dB  return  loss. 
The  return  loss  of  the  adapter  is  seen  to  be  greater  than  19  dB  at  all  fre- 
quencies. 
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Figure  50 

Return  Loss  of  Right  Angle  Hermetic  Transition 


The  curve  marked  "Beaded  SMA-APC-7  Adaptor"  is  for  a standard  commercial 
adaptor  where  the  SMA  center  conductor  is  supported  by  a teflon  bead.  The 
curve  marked  "Beadless  SMA-APC-7"  is  for  a special  adaptor  where  the  entire 
center  conductor  is  supported  by  a single  APC-7  bead. 

F.  LIMITER 

The  input  signal  limiter  circuit  has  two  fast  PIN  diodes  in  a low 
pass  filter  circuit.  The  PIN  diodes  conduct  heavily  on  CW  or  pulse  signals 
greater  than  +10dBm.  The  output  of  the  limiter  is  well  below  the  level  where 
the  transistors  in  the  following  gain  modules  could  be  damaged.  Figure  51 
shows  curves  of  power  output  as  a function  of  power  input  for  both  CW  and 
pulse  signals. 

When  the  limiter  is  not  limiting  a signal,  it  is  desirable  that  the  circuit 
be  "transparent;"  i.e.,  that  will  not  degrade  low  level  gain  and  noise  figure. 
Tables  XVIII  and  XIX  show  ANA  listings  for  similar  limiters  over  the  10.7  to 
18  and  7 to  18  GHz  frequency  ranges.  The  VSWR's  are  very  low  and  the  loss 
increases  from  0.7  dB  at  7 GHz  to  1.7  dB  at  18  GHz.  This  VSWR  and  loss  data 
include  the  reflections  and  loss  of  a pair  of  APC-7-to-microstrip  adaptors. 

The  "FLAT"  listing  is  the  difference  between  the  loss  at  that  frequency  and 
the  average  "LOSS."  The  "LOSS  DEV"  listing  is  the  deviation  from  a least- 
squares-line  thru  the  "LOSS"  data  and  is  the  portion  of  the  loss  remaining 
after  the  gain  modules  have  been  tuned  to  remove  the  slope. 


-109- 


0 . 3 nhy  0 . 6 nhy  Q13  nhy 


1 


Aertech  A55400  Diode 
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Figure  51 

Power  in  vs.  Power  out  for  the 
Two-Diode  Limiter 


TABLE  XVIII 


AUG  19, 


FREQ 

MHZ 

10000.  0 
10200  0 
10400.  0 
10600.  0 
10800.  0 
11000.  0 
11200.  0 
11400  0 
1 1600  0 
11800  0 
12000.  0 
12200.  0 
12400.  0 
12600  0 
12800  0 
13000.  0 
13200  0 
13400.  0 
13600.  0 
13800.  0 
14000.  0 
14200  0 
14400.  0 
14600.  0 
14800.  0 
15000.  0 
15200.  0 
15400.  0 
15600.  0 
15800.  0 
16000.  0 
16200.  0 
16400.  0 
16600.  0 
16800.  0 
17000.  0 
17200.  0 
17400.  0 
17600.  0 
17800.  0 
18000.  0 

LINEAR- 

IZATION 

RANGE 


1977 

LIMITER 
10.  7 TO  18  GHZ 
S/N  5 


VSWR 

LOSS 

FLAT 

LOSS  PHASE 

PHASE 

GPDEL 

ISOL 

VSWR 

IN 

DB 

DB 

DEV  DEG 

DEV 

NSEC 

DB 

OUT 

1.  06 

. 72 

-129.  33 

. 00 

. 72 

1.  05 

i.  06 

80 

-147.  62 

. 25 

. 80 

1.  04 

1.  06 

83 

-164.  95 

. 24 

81 

1.  05 

1.  07 

. 76 

-.  50 

. 00  177  59 

-1.  18 

25 

. 75 

1 05 

1 08 

. 76 

-.  51 

-.  03  158.  68 

-2.  01 

25 

78 

1. 05 

1.  09 

86 

-.  40 

. 04  141  17 

-1.42 

24 

89 

1.  05 

1.  10 

. 82 

-.  44 

02  124.  05 

-.  46 

24 

. 87 

1.  06 

1 11 

. 85 

- 41 

- 02  105.  98 

-.  46 

. 26 

87 

1.  06 

1.  11 

. 86 

-.  40 

-.  03  86.  74 

-1.  61 

25 

88 

1 06 

1 12 

94 

-.  33 

. 00  70  59 

32 

. 24 

1 00 

1.  06 

1 11 

. 95 

-.  31 

. 00  52  10 

-.  08 

. 26 

. 98 

1.  05 

1.  10 

1.  47 

. 19 

. 48  33.  13 

-.  98 

. 25 

1.  28 

1.  05 

1.  10 

1.  01 

-.  25 

.00  15.89 

-.  14 

. 24 

1.  00 

1. 06 

1 09 

1.  01 

25 

-.02  -1.70 

34 

. 25 

1.  01 

1.  06 

1.  08 

1.  03 

-.  23 

-.  02  -19.  92 

21 

. 25 

1.  02 

1.  05 

1.  08 

1 09 

-.  17 

. 00  -37.  55 

. 65 

. 26 

1.  06 

1.  05 

1.  06 

1.  06 

-.  21 

-.  06  -56.  89 

-.  60 

. 25 

. 98 

1.  05 

1 07 

1.  11 

16 

-.  03  -74  05 

. 31 

. 24 

1 08 

1.  06 

1 07 

1.  16 

1 1 

-.  01  -91.  25 

1.  19 

25 

1.  13 

1.  07 

1.  06 

1.  08 

-.  18 

-.  11-109.  58 

94 

26 

1.  10 

1.  06 

1.  07 

1.  23 

-.  04 

. 00-128.  07 

53 

. 25 

1.  22 

1.  08 

1.  07 

1.  23 

03 

-.  02-145.  86 

. 82 

. 24 

1.  21 

1.  08 

1.  07 

1.  21 

06 

-.  07-162.  41 

2.  35 

. 25 

1.  25 

1.  08 

1 07 

1.  23 

03 

-.  07  178.  55 

1.  39 

. 26 

1.  24 

1.  08 

1.  06 

1. 36 

. 09 

. 02  159.  97 

88 

. 25 

1.  34 

1.  09 

1.  05 

1.  35 

. 08 

. 00  143.  03 

2.  02 

. 24 

1.  39 

1.  07 

1.  04 

1.  33 

06 

-.  05  124.  78 

1.  86 

26 

1.  36 

1.  05 

1.  02 

1.  39 

. 11 

-.  03  105.  58 

. 75 

26 

1.  34 

1.  04 

1.  01 

1.  52 

. 25 

. 07  88.  02 

1.  26 

. 25 

1.  50 

1.  05 

1.  03 

1.  44 

. 17 

-.  02  69.  73 

1.  06 

. 25 

1.  42 

1.  05 

1.  06 

1. 46 

. 19 

-.03  51.70 

1.  10 

. 26 

1.  45 

1.  06 

1.  08 

1.  48 

. 20 

-.  05  32.  70 

. 19 

. 25 

1 46 

1.  08 

1.  11 

1.  47 

. 20 

-.08  15  03 

. 60 

. 25 

1.  51 

1.  10 

1.  12 

1.  57 

. 29 

-.  01  -3.  60 

04 

. 25 

1.  54 

1.  11 

1.  14 

1. 62 

. 35 

. 01  -21.  57 

. 15 

. 26 

1.  59 

1.  13 

1.  15 

1.  62 

. 35 

-.  01  -40.  57 

-.  76 

. 26 

1.  50 

1.  13 

1.  15 

1.  62 

. 34 

-.  04  -58.  71 

-.  82 

. 25 

1.  66 

1.  13 

1.  14 

1.  60 

. 32 

-.  09  -77  03 

-1.  05 

. 25 

1.  71 

1.  10 

1.  13 

1 67 

. 40 

-.  04  -95  04 

-.  97 

. 26 

1.  66 

1.  09 

1.  12 

1.  77 

49 

. 02-115.  05 

-2.  89 

. 27 

1.  71 

1.  03 

1 09 

2.  18 

. 91 

. 41-133.  80 

-3  58 

. 00 

1.  73 

1.  08 

10600.  010600.  0 
TO  TO 

18000.  018000.  O 


10600.  0 
TO 

18000  0 


* Bad  Data 
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TABLE  XIX 


11/11/77 

LIMITERS 
7 TO  18  GHZ 
S/N  10 


FREQ 

VSWR 

LOSS 

LOSS 

FLAT 

PHASE 

PHASE 

I SOL 

VSWR 

MHZ 

IN 

DB 

DEV 

DB 

DEG 

DEV 

DB 

OUT 

2000.  0 

1.  73 

. 87 

54.  73 

. 87 

1.  69 

3000.  0 

1.  58 

. 62 

8.  21 

. 64 

1.  71 

4000.  0 

1.  54 

. 60 

-18.  75 

. 59 

1.  72 

4500.  0 

1.  50 

. 66 

-30.  74 

. 65 

1.  65 

5000.  0 

1.  45 

. 70 

-41.  57 

. 68 

1.  56 

5500.  0 

1.  40 

. 78 

-50  86 

. 73 

1.  47 

6000.  0 

1.  37 

. 31 

-60.  72 

. 29 

1.  43 

6500.  0 

1 28 

. 73 

-70.  73 

. 71 

1.  34 

7000.  0 

1.  20 

. 69 

-.  02 

-.  31 

-79.  43 

-.  72 

. 65 

1.  23 

7500.  0 

1.  14 

. 71 

-.  03 

-.  29 

-90.  08 

-2.  24 

. 57 

1.  17 

8000  0 

1.  08 

. 79 

02 

-.  20 

-97.  84 

-.  89 

. 82 

1.  14 

9000.  0 

1.  03 

. 77 

-.  05 

-.  22- 

116.  07 

-.  89 

. 74 

1.  08 

10000.  0 

1.  03 

. 75 

-.  13 

24- 

132.  59 

. 81 

. 76 

1.  03 

1 1000.  0 

1.  05 

. 94 

. 00 

-.  06- 

150.  23 

1.  41 

. 99 

1.  03 

12000.  0 

1.  05 

. 84 

-.  15 

-.  15- 

168.  36 

1.  52 

. 80 

1.  06 

13000  0 

1.  06 

1.  14 

. 09 

. 14 

173. 56 

1.  67 

1.  15 

1.  09 

14000.  0 

1.  12 

1. 35 

. 24 

. 35 

156.  35 

2.  70 

1.  34 

1.  17 

15000.  0 

1.  10 

1.  36 

. 19 

. 35 

136.  72 

1.  32 

1.  36 

1.  16 

16000.  0 

1.  05 

1.  44 

. 21 

43 

117.  55 

. 38 

1.  50 

1.  11 

17000.  0 

1.  19 

1.  71 

. 43 

. 70 

97.  94 

-.  99 

1.  66 

1.  14 

18000.  0* 

1.  17 

. 52 

-.  80 

-.  47 

76.  63 

-4.  08 

1.  62 

1.  33 

LINEAR- 

7000. 0 

7000.  0 

7000.  0 

IZATION 

TO 

TO 

TO 

RANGE 

18000.  018000.  0 

18000.  0 

REF  PLANES  = 

2.  46 

2.  46 

5.  92 

* Bad  Data 
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G.  TEMPERATURE  COMPENSATION 


1 


The  temperature  compensation  circuit  used  in  the  10.7  to  18  GHz 
amplifiers  consisted  of  two  variable  attenuators  (A^  and  A^  in  Fig.  40) 
between  Lange  couplers.  The  use  of  a balanced  circuit  with  couplers  provide 
a circuit  with  variable  attenuation  and  with  low  input  and  output  VSWR.  The 
variable  attenuators  consisted  of  PIN  diodes.  The  amount  of  attenuation  is 
determined  by  the  current  flowing  through  the  diodes.  This  current  is  derived 
from  a temperature  sensitive  source  mounted  on  the  substrate. 

Table  XX  shows  an  ANA  listing  for  a temperature  compensation  circuit  with  a 
nominal  6.5  dB  loss.  The  VSWR  is  low.  The  loss  increases  with  frequency, 
about  1 dB  over  the  band,  but  "LOSS  DEV"  shows  that  the  loss  is  within  a few 
tenths  of  a dB  from  a straight  line. 

Tables  XXI  and  XXII  show  the  difference  between  two  circuits  set  for  the  same 
loss.  Table  XXI  is  with  the  circuits  set  for  minimum  loss.  The  difference 
in  loss  (DG12)  is  within  a few  tenths  of  a dB  and  the  difference  in  phase 
(DP12)  is  within  a few  decrees.  Table  XXII  shows  the  same  two  circuits 
adjusted  for  about  6.5  dB  loss  at  midband.  The  differences  in  loss  and 
phase  remain  low  even  though  the  magnitude  of  the  loss  and  phase  have  both 
changed.  Since  the  difference  in  phase  remains  low,  these  circuits  can  be 
l . used  in  phase  matched  amplifiers. 

Figure  52  shows  a schematic  of  the  temperature  compensation  section. 
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Figure  52 

Temperature  Compensation  Circuit 


AUG  19, 


FREQ 

MHZ 

10000  0 
10200  0 
10400.  0 
10600.  0 
10800.  0 
11000.  0 
11200.  0 
11400.  0 
11600.  0 
11800.  0 
12000.  0 
12200.  0 
12400.  0 
12600.  0 
12800.  0 
13000.  0 
13200.  0 
13400.  0 
13600.  0 
13800.  0 
14000.  0 
14200.  0 
14400.  0 
14600.  0 
14800.  0 
15000.  0 
15200.  0 
15400.  0 
15600.  0 
15800.  0 
16000.  0 
16200.  0 
16400.  0 
16600.  0 
16800.  0 
17000.  0 
17200.  0 
17400.  0 
17600.  0 
17800.  0 
18000.  0 

LINEAR- 

IZATION 

RANGE 


V 


TABLE  XX 


1977 

TEMP  COMP 
10  7 TO  18  GHZ 
S/N  2 


VSWR 

LOSS 

FLAT 

LOSS  PHASE 

PHASE 

GPDEL 

I SOL 

VSWR 

IN 

00 

DB 

DEV  DEG 

DEV 

NSEC 

DB 

OUT 

1.  07 

5.  98 

-151. 65 

. 00 

5.  97 

1.  22 

1.  05 

6.  01 

-171.  52 

26 

5.  97 

1.  22 

1.  04 

6.  01 

170.  57 

. 25 

5.  96 

1.  22 

1.  04 

5.  94 

-.  48 

. 13  152.  02 

-.  66 

26 

5.  91 

1 22 

1.  05 

5.  97 

45 

. 12  132.  43 

-1.  30 

. 27 

5.  98 

1.  22 

1.  07 

6.  05 

37 

. 17  113.  14 

-1.  66 

. 26 

6.  03 

1.  21 

1.  08 

5.  96 

45 

. 05  95.  46 

-.  40 

. 26 

5.  99 

1.  21 

1.  10 

6.  01 

41 

. 06  76.  34 

58 

. 27 

6.  01 

1.  20 

1.  11 

6.  03 

-.  39 

. 05  56.  65 

-1.  33 

. 26 

6.  06 

1.  19 

1.  13 

6.  16 

-.  26 

.15  38.  90 

-.  14 

. 26 

6.  17 

1.  18 

1.  14 

6.  14 

27 

. 10  19.  82 

28 

. 25 

6.  15 

1.  18 

1.  15 

6.  38 

-.  04 

. 30  2.  64 

1.  47 

. 26 

6.  14 

1.  19 

1.  16 

6.  14 

28 

. 03  -17.  34 

. 44 

. 27 

6.  15 

1.  22 

1.  17 

6 20 

22 

. 05  -36.  55 

. 18 

. 27 

6.  14 

1.  21 

1.  18 

6.  16 

-.  26 

-.  01  -55  60 

. 06 

. 26 

6.  14 

1.  21 

1.  19 

6.  19 

23 

01  -73.  78 

. 82 

. 26 

6.  16 

1.  21 

1.  20 

6.  11 

31 

-.  12  -93.  72 

16 

. 27 

6.  06 

1.  20 

1.  21 

6.  19 

-.  23 

08-112.  17 

. 32 

. 26 

6.  19 

1.  21 

1.  22 

6.  24 

17 

06-130.  51 

. 92 

. 26 

6.  21 

1.  21 

1.  21 

6.  16 

-.  26 

-.  18-149.  43 

. 94 

. 27 

6.  15 

1.  20 

1.  21 

6.  20 

22 

-.  17-169.  33 

. 00 

. 27 

6.  19 

1.  20 

1.  20 

6.  30 

-.  12 

-.  10  172.  28 

. 54 

. 25 

6.  28 

1.  19 

1.  20 

6.  27 

15 

-.  16  154.  76 

1.  96 

. 26 

6.  33 

1.  17 

1.  20 

6.  32 

10 

-.  15  135.  32 

1.  46 

. 28 

6.  28 

1.  15 

1.  20 

6.  32 

-.  10 

-.  18  114.  98 

. 07 

. 26 

6.  28 

1.  14 

1.  20 

6.  38 

04 

15  97.  64 

1.  66 

. 26 

6.  42 

1.  13 

1.  21 

6.  36 

06 

-.21  78.21 

1.  18 

. 27 

6.  40 

1.  12 

1.  22 

6.  42 

. 00 

-.  18  58.  84 

. 75 

. 27 

6.  40 

1.  13 

1.  24 

6.  45 

. 03 

-.  18  39.  45 

. 30 

. 27 

6.  45 

1.  15 

1.  26 

6 45 

. 03 

-.  21  20.  46 

. 26 

. 26 

6.  50 

1.  18 

1.  27 

6.  50 

. 07 

-.21  1.45 

. 19 

. 27 

6.  49 

1.  21 

1.  27 

6.  50 

. 07 

-.  24  -17.  89 

19 

. 27 

6.  56 

1.  26 

1.  28 

6.  58 

. 15 

19  -37.  77 

-1.  12 

. 27 

6.  53 

1.  30 

1.  25 

6.  77 

. 34 

-.  03  -57.  25 

-1.  67 

. 26 

6.  68 

1.  33 

1.  23 

6.  87 

. 44 

. 02  -75.  49 

97 

. 27 

6.  84 

1.  35 

1.  19 

6.  92 

. 49 

. 04  -95.  47 

-2.  00 

. 27 

6.  91 

1.  39 

1.  17 

7.  24 

. 81 

. 33-113.  73 

-1.  33 

. 25 

7.  23 

1.  42 

1.  18 

7.  25 

. 83 

. 31-131  29 

. 04 

. 24 

7.  25 

1.  41 

1.  19 

7.  11 

68 

. 13-148.  38 

1.  89 

. 26 

7.  15 

1.  40 

1.  18 

7.  06 

. 64 

. 05-169  18 

. 03 

. 29 

7.  02 

1.  38 

1.  16 

7.  79 

1.  36 

. 74  170.  11 

-1.  72 

. 00 

7.  01 

1.  39 

10600.  010600.  O 10600.  0 

TO  TO  TO 

18000.  018000.  0 18000.  0 
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TEMP 

10. 

COMP 

7 TO  18  GHZ 

S21  IN  DB 

S/N 

100 

S/N  200 

FREQ 

GAIN  PHASE 

DG12 

DP  12  GAIN  PHASE 

10600. 

-1.  30  150.  9 

-.  06 

-.  3 -1.  24  151.  3 

10800. 

-1.  32  131.  2 

-.  09 

-.  2 -1.  23  131.  4 

11000. 

-1.  43  111.6 

-.  12 

. 0 -1.  31  111.6 

11200. 

-1.  37 

93.  9 

-.  13 

. 2 -1.  24  93.  7 

11400. 

-1.  42 

74.  7 

-.  13 

3 -1. 29  74  3 

11600. 

-1.  42 

55  0 

-.  11 

.6  -1.  31  54.  4 

11800. 

-1.  52 

36.  8 

-.  09 

.6  -1.  42  36.  2 

12000. 

-1.  49 

17.  4 

-.  06 

.6  -1.  43  16.  8 

12200. 

-1.  65 

. 1 

. 06 

. 4 -1.  72  -.  3 

12400. 

-1.  52  -20.  3 

-.  09 

-.  0 -1.  43  -20.  3 

12600. 

-1.  57  -39  7 

-.  14 

. 2 -1.  43  -39.  9 

12800. 

-1.  51  -58.  9 

-.  13 

. 4 -1.  37  -59.  3 

13000. 

-1  56  -77.  3 

-.  13 

5 -1.  42  -77.  8 

13200. 

-1.  49  -97.  4 

-.  14 

4 -1.  35  -97.  9 

13400. 

-1.  57-116.  2 

-.  16 

4 -1.  42-116.  6 

13600. 

-1.  65-134.  7 

-.  19 

. 5 -1.  46-135.  2 

13800. 

-1  56-153.  8 

-.  21 

. 7 -1.  36-154.  5 

14000. 

-1.  60-173.  5 

-.  23 

9 -1.  38-174.  5 

14200. 

-1.  66  168.  1 

-.  22 

1.3  -1.  44  166.  9 

14400. 

-1.61  150.3 

-.  19 

1.  5 -1.  42  148.  9 

14600. 

-1.  63  130.  8 

-.  18 

1.  6 -1.  45  129.  1 

14800. 

-1. 62  110.  1 

-.  16 

1.  7 -1.  46  108.  3 

15000. 

-1.  65 

92.  6 

-.  13 

1.8  -1  52  90.  7 

15200. 

-1.  62 

72.  6 

-.  11 

18  -1.  51  70.  7 

15400. 

-1.  67 

53.  2 

-.  09 

1 9 -1.  58  51.  2 

15600. 

-1.  69 

33.  1 

-.  07 

1.  9 -1.  62  31.  2 

15800. 

-1.  69 

14.  3 

-.  00 

1.9  -1.  68  12.  4 

16000. 

-1.  72 

-5.  1 

-.  01 

2 0 -1.  72  -7.  1 

16200. 

-1.  76  -24.  4 

01 

2.  0 -1.  77  -26.  3 

16400. 

-1.  81  -44.  2 

. 04 

2.  2 -1.  85  -46.  4 

16600. 

-1.  88  -63.  7 

. 13 

2.  3 -2.  02  -66.  0 

16800. 

-1.  89  -82  3 

. 20 

2.  1 -2.  09  -84.  4 

17000. 

-1.  83-102.  7 

. 30 

1.  7 -2.  13-104.  5 

17200. 

-2.  02-121.  9 

. 44 

1.0  -2.  46-122.  9 

17400. 

-2.  00-141.  4 

. 46 

-.  5 -2.  46-141.  0 

17600. 

-2.  03-160.  0 

. 33 

-1.  7 -2.  36-158.  3 

17800. 

-2.  15  179.  1 

. 16 

358.  -2.  31-179.  1 

18000. 

-2.  78  158.  1 

. 18 

-1.  7 -2.  96  159.  8 
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TABLE  XXII 


AUG  19,  1977 


S21  IN  DB 


TEMP  COMP 

10.  7 TO  18  GHZ 


FREQ 

S/N  150 

GAIN  PHASE 

DG12 

S/N  258 

DP  12  GAIN  PHASE 

10600. 

-6  12  151. 

6 

-.  18 

_ _ 

4 -5.  94  152. 

0 

10800 

-6.  15  132. 

0 

-.  19 

4 -5.  97  132. 

4 

11000. 

-6.  30  112. 

8 

-.  25 

3 -6.  05  113. 

1 

11200. 

-6.  23  95. 

3 

-.  27 

1 -5.  96  95. 

5 

11400 

-6.  28  76. 

4 

-.  27 

0 -6.  01  76. 

3 

11600. 

-6.  29  56. 

8 

-.  25 

1 -6.  03  56. 

6 

11800. 

-6.  40  39. 

0 

-.  25 

1 -6.  16  38 

9 

12000. 

-6.  39  20. 

0 

-.  25 

2 -6.  14  19. 

8 

12200. 

-6.  61  2. 

5 

-.  23 

1 -6.  38  2. 

6 

12400. 

-6.  45  -17. 

4 

-.  30 

1 -6.  14  -17. 

3 

12600. 

-6.  54  -36. 

3 

-.  34 

2 -6.  20  -36. 

6 

12800. 

-6.  50  -55. 

1 

-.  34 

5 -6.  16  -55. 

6 

13000. 

-6.  51  -73 

2 

-.  32 

6 -6.  19  -73 

8 

13200. 

-6.  42  -93. 

2 

-.  31 

5 -6.  11  -93. 

7 

13400. 

-6.  54-111. 

7 

-.  35 

5 -6.  19-112. 

2 

13600. 

-6.  62-129. 

8 

-.  37 

7 -6.  24-130. 

5 

13800. 

-6.  55-148. 

7 

-.  39 

7 -6.  16-149. 

4 

14000. 

-6.  62-168. 

2 

-.  42 

1. 

1 -6.  20-169. 

3 

14200. 

-6.  72  173. 

9 

-.  42 

1. 

6 -6.  30  172. 

3 

14400. 

-6.  62  156. 

7 

-.  35 

1. 

9 -6.  27  154. 

8 

14600. 

-6.  63  137. 

2 

-.  31 

1. 

8 -6.  32  135. 

3 

14800. 

-6.  64  116. 

7 

-.  32 

1. 

7 -6.  32  115. 

0 

1 5000. 

-6.  70  99. 

7 

-.  31 

2. 

0 -6.  38  97. 

6 

15200. 

-6.  62  80. 

2 

-.  26 

2. 

0 -6.  36  78. 

2 

15400. 

-6.  68  60. 

8 

-.  26 

2. 

0 -6.  42  58. 

8 

15600. 

-6.71  41. 

0 

-.  25 

1. 

5 -6.  45  39. 

4 

15800. 

-6.  70  22. 

7 

-.  25 

2. 

2 -6.  45  20. 

5 

16000. 

-6.  71  3. 

9 

-.  22 

2. 

4 -6.  50  1. 

4 

16200. 

-6.  70  -15. 

3 

-.  20 

2. 

6 -6.  50  -17. 

9 

16400. 

-6  71  -35. 

0 

-.  13 

2. 

8 -6.  58  -37. 

8 

16600. 

-6.  81  -54. 

2 

-.  04 

3. 

0 -6.  77  -57. 

3 

16800. 

-6.  81  -72. 

5 

. 05 

2. 

9 -6.  87  -75. 

5 

17000. 

-6.  72  -93. 

0 

. 20 

2. 

5 -6.  92  -95. 

5 

17200. 

-6.  91-111. 

6 

. 33 

2. 

1 -7.24-113. 

7 

17400. 

-6.  88-130. 

9 

. 37 

4 -7.  25-131. 

3 

17600. 

-6.  89-149. 

4 

. 22 

-1. 

0 -7.  11-148. 

4 

17800. 

-7.  01-170. 

2 

. 06 

-1. 

0 -7.  06-169. 

2 

18000 

-7.  73  168. 

9 

. 06 

-1. 

2 -7.  79  170. 

1 

IV. 


7 TO  18  GHz  AMPLIFIERS 


The  7 to  18  GHz  amplifiers  consist  of  a limiter  followed  by  6 balanced 
gain  modules  and  a voltage  regulator.  A block  diagram  of  the  amplifier  is 
shown  in  Fig. 53.  Since  the  first  two  gain  modules  are  operated  at  low  drain 
current  to  give  good  noise  figure,  their  gain  is  approximately  4.5  dB.  The 
remaining  four  gain  modules  have  approximately  5.5  dB  gain  each. 

Figure  54  and  Tables  XXIII  and  XXIV  show  data  on  amplifier  serial  No.  2 without 
a limiter  and  before  the  amplifier  was  tuned  to  phase  match  serial  No.  1.  The 
data  in  the  figure  and  the  two  tables  do  not  agree  since  the  amplifier  in  Fig. 
54  has  been  retuned  to  have  a gain  slope  which  increases  with  frequency  to 
overcome  the  limiter  loss.  Figure  54  shows  that  the  amplifier  gain  is  smooth 
and  without  "bumps"  and  small  ripples  due  to  reflections  at  the  interconnec- 
tions or  transitions.  Ignoring  the  slope  in  the  gain  curve,  the  gain  variation 
is  approximately  ±1  dB  from  7 to  18  GHz. 

Tables  XXIII  and  XXIV  show  the  same  ANA  data  except  that  the  "FLAT"  and  "PHASE 
DEV"  are  linearized  over  7 to  18  GHz  in  Table  XXIII  and  8 to  18  GHz  in  Table 
XXIV.  The  phase  deviation  over  8 to  18  GHz  in  Table  XXIV  is  seen  to  be  much 
lower  than  the  7 to  18  GHz  data.  The  tables  show  VSWR's  less  than  1.5,  an 
average  gain  of  31.3  dB,  reverse  isolation  data  which  is  probably  at  the 
noise  level  of  the  ANA,  a maximum  noise  figure  of  6.7  dB,  and  a power  output 
at  1 dB  gain  compression  increasing  from  11.2  dB  at  7 GHz  to  15.6  dB  at  17  GHz. 

Figure  55  is  a photograph  of  one  of  the  7 to  18  GHz  amplifiers  assembled  to  a 
heat  sink  on  top  of  our  PS-46  power  supply.  Figure  56  is  a picture  of  the  dis- 
assembled amplifier  and  power  supply.  The  figure  shows  the  various  carriers 
which  hold  the  transitions,  limiter,  gain  modules,  and  regulator  in  the  ampli- 
fier. The  power  supply  has  been  potted  with  Sylgard. 

The  following  figures  and  tables  show  data  on  the  completed  amplifiers.  These 
amplifiers  are  serial  Nos.  1 and  2.  They  have  been  final-tuned  for  best  gain 
shape  with  limiters,  best  noise  figure,  and  phase  matched.  The  amplifier  cases 
have  been  welded  and  mounted  on  the  power  supply  as  shown  in  Fig.  55. 
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Frequency  - GHz 
Figure  54 

Swept  Response  of  7 to  18  GHz  Amplifier  without  Limiter 


TABLE  XXIII 


OCT  19,  1977 

7 TO  18  GHZ  AMPLIFIER 
WITHOUT  LIMITER 
S/N  2 


FREQ 

VSWR 

GAIN 

FLAT  PHASE 

PHASE 

I SOL 

VSWR 

1DBPWR 

NOISE 

MHZ 

IN 

DB 

DB  DEG 

DEV 

DB 

OUT 

DBM 

FIG 

6000.  0 

1 50 

25.  43 

-67.  08 

88  95 

1.  50 

6.7 

6250.  0 

1.  47 

27.  27 

151.  99 

89.  77 

1.  46 

6500.  0 

1 45 

28.  70 

15.  29 

81.  66 

l.  43 

5.0 

6.3 

6750.  0 

1.  42 

29.  62 

-116.  19 

91.  10 

1.  36 

7000.  0 

1.  38 

30.  39 

. 91  114.  77 

79.  13 

77.  76 

1.  32 

11.2 

6.2 

7250.  0 

1.  30 

30.  82 

. 48  -10.  60 

58.  49 

86.  77 

1.  31 

7500  0 

1 21 

31. 02 

. 28-133.  10 

40.  71 

85.  91 

1.  26 

7750  0 

1.  14 

31.  14 

. 16  109.  74 

28  29 

88.  94 

1.  21 

8000.  0 

1.  07 

31.  22 

. 08  -7.  70 

15.  55 

81.  47 

1 21 

12.2 

6.0 

8250.  0 

1.  03 

31.  40 

- 09-120.  19 

7.  79 

80.  87 

1.  20 

8500.  0 

1 04 

31.  62 

-.  31  125.  95 

-1. 33 

83.  13 

1.  17 

8750  0 

1.  05 

31.  78 

-.  47  16.  16 

-6.  40 

79.  69 

1.  18 

13.1 

9000  0 

1 08 

31.  97 

-.  66  -95.  02 

-12.  84 

95.  75 

1 19 

5.9 

9250.  0 

1.  07 

32.  20 

-.  89  156.  35 

-16.  75 

86.  83 

1.  16 

9500.  0 

1.  07 

32.  24 

-.  93  46.  87 

-21.  52 

86.  24 

1.  16 

9750.  0 

1.  04 

32.  31 

-1.  00  -61.  39 

-25.  05 

78.  34 

1.  23 

13.2 

10000.  0 

1.  04 

32.  25 

-.  94-168.  16 

-27.  10 

84.  31 

1.  23 

6.1 

10250.  0 

1.  06 

32.  26 

-.  95  85.  65 

-28.  56 

87.  69 

1.  24 

10500.  0 

1.  06 

32.  24 

-.  93  -20.  21 

-29.  69 

77.  21 

1.  32 

10750.  0 

1.  09 

32.  17 

-.  86-126.  14 

-30.  89 

80.  13 

1.  34 

14.0 

11000.  0 

1.  09 

31.  86 

-.  55  129.  25 

-30.  78 

80.  70 

1.  32 

6 .4 

11250.  0 

1.  10 

31.  75 

-.  44  24.  98 

-30.  32 

85.  05 

1.  35 

11500.  0 

1.  13 

31.  42 

-.  1 1 -76.  76 

-27.  33 

86.  74 

1.  37 

11750.  0 

1.  19 

31.  21 

. 09-179.  58 

-25.  43 

89.  19 

1.  27 

12000.  0 

1.  22 

30  85 

. 45  78.  55 

-22.  57 

85.  76 

1.  18 

13.9 

6.7 

12250.  0 

1.  30 

31.  25 

. 05  -22.  24 

-18.  65 

86.  59 

1.  21 

12500.  0 

1.  31 

30.  59 

. 71-121.  62 

-13.  32 

80.  31 

1.  11 

12750.  0 

1.  27 

30.  79 

51  136.  55 

-10.  43 

79.  47 

1 10 

14.6 

13000.  0 

1.  24 

30.  77 

. 53  34.  61 

-7.  65 

82.  87 

1.  16 

5.6 

13250.  0 

1.  26 

30  98 

. 32  -67.  53 

-5.  07 

83.  53 

1.  11 

13500.  0 

1.  22 

31.  07 

. 23-169.  10 

-1.  91 

78.  73 

1.  23 

13750.  0 

1.  19 

31.  13 

. 17  86.  82 

-1.  27 

92.  21 

1.  29 

14.4 

14000.  0 

1.  18 

30.  98 

. 32  -15.  69 

. 93 

81.  92 

1.  25 

5 .5 

14250.  0 

1.  17 

30.  84 

. 46-118.  20 

3.  14 

96.  50 

1.  34 

14500.  0 

1.  17 

30.  72 

. 58  141. 08 

7 15 

86.  67 

1.  40 

14750.  0 

1.  20 

30.  61 

. 69  38.  51 

9.  30 

88  99 

1.  33 

15000.  0 

1.  17 

30.  68 

. 62  -63.  65 

11.  87 

85.  65 

1.  28 

15.5 

5.9 

15250.  0 

1.  '16 

30.  69 

. 61-166  46 

13.  79 

89  29 

1.  27 

15500.  0 

1.  20 

30.  80 

. 50  90.  98 

15  95 

84.  69 

1.  16 

15750.  0 

1.  18 

30.  77 

. 53  -12. 60 

17.  09 

79.  26 

1.  12 

16000  0 

1.  17 

30.  94 

. 36-116.  92 

17.  49 

83.  38 

1.  15 

15.2 

6.5 

16250.  0 

1.  22 

30.  98 

. 32  140.  23 

19.  36 

80  78 

1.  14 

16500.  0 

1.  23 

31.  34 

-.  03  35.  02 

IB.  86 

79.  34 

1.  15 

16750.  0 

1.  21 

31.  59 

-.  28  -69  91 

18.  66 

85.  88 

1.  23 

17000.  0 

1.  21 

31.  66 

-.  35  179.  74 

13.  03 

87.  15 

1.  24 

15.6 

6.4 

17250.  0 

1.  22 

31.  79 

-.  48  72.  21 

10.  22 

77.  71 

1.  22 

17500.  0 

1 32 

31.  51 

-.  20  -39.  37 

3.  36 

71.  50 

1.  23 

17750.  0 

1.  37 

31.  30 

. 00-152.  00 

-4.  52 

72  68 

1.  35 

18000  0 

1.  47 

30.  63 

67  97.  05 

-10.  76 

79.  76 

1.  47 

14.5 

6.7 
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TABLE  XXIV 


OCT  19,  1977 

7 TO  18  GHZ  AMPLIFIER 
' WITHOUT  LIMITER 

S/N  2 


FREQ  VSWR 
MH7  IN 

6000.  0 1.  50 

6250.  0 1.47 

6500.0  1.45 

6750.  0 1.  42 

7000.  0 1.  38 

7250.  0 1.  30 

7500.  0 1.  21 

7750  O 1.  14 

8000.  0 1.  07 

8250.0  1.03 

8500.  0 1.  04 

8750.  0 1.  05 

9000.0  1.08 

9250.  0 1.  07 

9500.  0 1.  07 

9750.0  1.04 

10000.  0 1.  04 

10250.  0 1.  06 

10500.  0 1.  06 

10750.  0 1.  09 

11000.0  1.09 

11250.  0 1.  10 

11500.  0 1.  13 

11750. 0 1 19 

12000.  0 1.  22 

12250.0  1.30 

12500.0  1.31 

12750.0  1.27 

13000.  0 1.  24 

13250.0  1.26 

13500.0  1.22 

13750.  0 1.19 

14000.  0 1.  Ifr 

14250.  0 1.  17 

14500.  0 1.  17 

14750.  0 1.  20 

15000.  0 1.17 

15250.  0 1 16 

15500  0 1.  20 

15750  0 1.  18 

16000. 0 117 

16250.0  1.22 

16500.  0 1 23 

16750.0  1.21 

17000  0 1.  21 

17250.  0 1.  22 

17500.  0 1.32 

17750.0  1.37 

18000.  0*  1.  47 


* Bad  Data 


GAIN  FLAT 
DB  DB 


25  43 

27.  27 

28.  70 
29  62 

30  39 

30.  82 

31.  02 

31.  14 
31.  22 

. 12 

31.  40 

-.  05- 

31.  62 

-.  27 

31  78 

-.  43 

31.  97 

-.  62 

32.  20 

-.  85 

32.  24 

- 89 

32.  31 

-.  96 

32.  25 

-.  90- 

32.  26 

-.  91 

32.  24 

-.  89 

32.  17 

-.  82- 

31.  86 

-.  51 

31.  75 

-.  40 

31.  42 

07 

31.  21 

. 13- 

30.  85 

. 49 

31.  25 

. 09 

30.  59 

. 75- 

30.  79 

. 55 

30.  77 

. 57 

30.  98 

. 36 

31.  07 

. 27- 

31.  13 

. 21 

30.  98 

. 36 

30.  84 

. 50- 

30.  72 

. 62 

30.  61 

. 73 

30.  68 

. 66 

30.  69 

. 65- 

30  80 

. 54 

30.  77 

. 57 

30.  94 

40- 

30  98 

. 36 

31  34 

. 00 

31.  59 

-.  24 

31  66 

-.  31 

31.  79 

-.  44 

31.  51 

-.  16 

31  30 

. 04- 

30  63 

. 71 

PHASE  PHASE 
DEG  DEV 

-67.  08 

151.  99 

15.  29 
116.  19 
114.  77 
-10.  60 
133.  10 
109.  74 

-7.  70  37.  09 

120.  19  28.  50 

125.  95  18.  55 

16.  16  12.  65 

-95.  02  5.  38 

156.35  .65 

46  87  -4.  93 

-61.39  -9.29 

168. 16  -12  16 

85.  65  -14.  45 
-20.  21  -16.  40 
•126.  14  -18.  43 
129.  25  -19.  14 
24.  98  -19.  50 
-76.  76  -17.  34 
179.  58  -16.  27 

78.  55  -14  23 
-22.  24  -11.  14 
121.62  -6.63 

136.  55  -4.  56 

34.  61  -2.  61 

-67.  53  -.  86 

169.  iO  1.  47 
86.82  1.28 
-15.  69  2.  67 

1 18  20  4.  06 

141.  08  7.  24 

38  51  8. 57 

-63.  65  10.  31 

166.46  11.40 

90.  98  12.  75 

-12.  60  13.  06 

116.  92  12  63 

140.  23  13.  68 

35  02  12.  35 

-69.  91  11.  32 

179  74  4.  88 

72.21  1.24 

-39  37  -6.  44 

152.  00  -15.  15 
97.  05  -22  21 
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I SOL.  VSWR 
DB  OUT 

88.  95  1.  50 

89.  77  1 46 

81.  66  1.  43 

91.  10  1.  36 

77.  76  . 1.  32 

86.  77  1.  31 

85.  91  1.  26 

88.94  1.21 

81.47  1.21 

80.  87  1.  20 

83.  13  1.  17 

79.  69  1.  18 

95.  75  1.19 

86.  83  1.  16 

86.  24  1.  16 

78.34  1.23 

84.  31  1.  23 

87.69  1.24 

77.21  1.32 

80.  13  1.  34 

80.  70  1.  32 

85.05  1.35 

86  74  1.  37 

89.  19  1.  27 

85.  76  1.  18 

86.  59  1.  21 

80  31  1.11 

79  47  1.  10 

82.  87  1.16 

83  53  111 

78.73  1.23 

92.21  1.29 

81.  92  1.  25 

96.  50  1.  34 

86.  67  1.  40 

88.99  1.33 

85  65  1.  28 

89  29  1 27 

84.  69  1.  16 

79.  26  1.  12 

83  38  1.15 

80.  78  1.  14 

79.  34  1.  15 

85.88  1.23 

87.  15  1 24 

77.71  1.22 

71  50  1.23 

72.  68  1.  35 

79.76  1.47 


1DBPWR  NOISE 


DBM 

FIG 

6.7 

5.0 

6.3 

11.2 

6.2 

12.2 

6.0 

13.1 

5.9 

13.2 

6.1 

14.0 

6.4 

13.9 

6.7 

14.6 

5.6 

14.4 

5.5 

15.5 

5.9 

15.2 

6.5 

15.6 

6.4 

14.5 

6.7 

Figure  56 

Exploded  View  of  7 to  18  GHz  Amplifier  and  Power  Supply 
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Final  ANA  data,  power  output  at  1 dB  gain  compression,  and  noise  figure  on  the 
amplifiers  is  shown  in  Table  XXV.  Table  XXVI  shows  the  difference  in  gain  (DG12) 
and  difference  in  phase  (DPI 2)  between  the  two  amplifiers.  Excluding  the  ANA 
data  at  18  GHz,  the  two  tables  show  thaL  these  two  amplifiers  have  met  all  the 
required  specifications  except  for  phase  deviation,  perhaps  phase  match,  and 
safe  power  input  power  which  is  1%  duty  and  not  the  specified  10%  duty.  Mea- 
sured data  compared  to  specification  requirements  are  summarized  in  Table  XXVII. 
Phase  deviation  data  is  shown  for  several  amplifiers  in  Table  XXIII  and  Appen- 
dix D.  Ignoring  the  peaks  in  phase  deviation  at  the  band  edges,  the  phase 
deviation  linearized  from  7 to  18  GHz  is  seen  to  be  approximately  -30°  near 
10.5  GHz  and  +20°  near  15.5  GHz.  During  the  temperature  run  on  these  ampli- 
fiers, the  maximum  difference  in  phase  measured  was  near  16  degrees,  but  a 
short  length  of  transmission  line  could  correct  this  phase  difference  to 
approximately  8 degrees  (see  Fig. 57  ).  Measurement  accuracy  and  SMA  connec- 
tor repea tabil ity  are  not  good  enough  to  determine  the  actual  phase  match  of 
the  amplifiers.  In  our  proposal  we  stated  that  we  expected  the  phase  match 
to  be  less  than  10°.  The  reverse  isolation  measurement  on  the  ANA  is  probably 
just  measuring  the  noise  level  of  the  ANA,  so  that  the  reverse  isolation  is 
greater  than  that  value  listed  for  the  particular  frequency. 


Figure  58  shows  the  swept  frequency  response  of  the  two  amplifiers.  Note  that 
there  are  no  "bumps"  or  small  ripples  due  to  reflections  in  the  interconnec- 
tions or  transitions.  In  addition,  there  is  no  tendency  to  oscillate  at  fre- 
quencies above  20  GHz  where  the  waveguide  formed  by  the  lid  on  the  amplifier 
is  no  longer  below  cutoff. 


The  effect  of  temperature  on  gain  and  phase  is  summarized  in  Table  XXVIII  and 
plotted  in  Fig.  57.  Table  XXVIII  and  Fig. 57  show  that  the  gain  and  phase 
changes  with  temperature;  however,  the  difference  in  gain  and  phase  between 
the  two  amplifiers  is  small  enough  to  be  determined  to  a large  extent  by 
measurement  accuracy  and  connector  repeatability.  The  noise  figure  increases 
with  temperature  as  seen  in  Fig.  59  to  about  10  dB  at  18  GHz  at  +70°C.  The 
solid  lines  in  Fig. 59  are  drawn  to  be  parallel  with  the  room  temperature 
data  taken  at  many  frequencies  in  the  laboratory.  Complete  temperature  test 
data  is  given  in  Appendix  A. 
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Frequency  Range  of  Operation:  7.0  - 18.0  GHz 

Input  and  Output  Impedance:  50  ohms 

AC  Coupling  at  Input  and  Output: 

Stability:  Amplifier  did  not  oscillate  with 

input  and/or  output  open  or  short 
circuited. 


Specification  Measurement 

S/N  1 S/N  2 


Gain: 

25  dB  (min) 

28.64  dB  (min) 

28.11  dB  (min) 

Gain  Variation: 

±1.5  dB  (max) 

±1.16  dB  (max) 

+1 .26  dB  (max) 

Noise  Figure: 

10  dB  (max) 

8.1  dB  (max) 

7.6  dB  (max) 

Power  Output: 

+6  dBm 

13.1  dBm  (min) 

11.8  dBm  (min) 

Phase  Deviation 
from  Linear: 

±10°  (max) 

+20°  (max) 

-30° 

+20°  (max)* ** 
-30° 

Input  VSWR: 

2.5:1  (max) 

1.44:1  (max) 

1.47:1  (max) 

Output  VSWR: 

2.5:1  (max) 

1.56:1  (max) 

2.04:1  (max) 

Phase  Matching  Between 
Amplifier  Pairs 

<5° 

+4.0° 

-5.3° 

Reverse  Isolation: 

50  dB  (min) 

>68  dB  (min) 

>64  dB  (min) 

Safe  Input  Power 

CW,  RF: 

+30  dBm  (min) 

+30  dBm 

+30  dBm 

10%  Duty  - Peak  Pulse: 

+50  dBm  (min) 

+50  dBm 

1% 

+50  dBm 

1% 

* Ignores  18  GHz  data  in  Tables  XXV  and  XXVI. 

**See  Table  XXIII  and  Appendix  B. 
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Noise  Figure  - dB 


Loss 


V. 


10.7  TO  18  GHz  AMPLIFIERS 


The  10.7  to  18  GHz  amplifier  consists  of  10  balanced  gain  modules,  a 
limiter,  a temperature  compensation  module,  and  a voltage  regulator  as  shown 
in  Fig.  60.  As  with  the  7 to  18  GHz  amplifiers,  the  first  two  gain  modules 
are  operating  at  low  current  to  give  a gain  of  about  4.5  dB  and  good  noise 
figure.  The  remaining  gain  modules  have  approximately  5.5  dB  gain  each  to 
give  an  overall  gain  above  50  dB  at  18  GHz.  Since  approximately  10  dB  is 
lost  in  the  limiter  and  temperature  compensation  module  at  room  temperature, 
the  nominal  overall  gain  is  near  40  dB. 

Data  on  the  completed  amplifiers  without  cables  is  shown  in  Fig.  61  and  Tables 
XXIX  through  XXXI.  Figure  61  shows  the  swept  frequency  response  of  both  ampli- 
fiers from  8 to  21  GHz.  The  gain  curves  are  smooth  without  "bumps"  or  small 
ripples  due  to  interconnections  or  transactions.  Also,  there  was  no  tendency 
to  oscillate  above  20  GHz  where  the  waveguide  above  the  gain  modules  is  no 
longer  below  cutoff.  Both  the  figure  and  tables  show  a slightly  sloped  gain 
response  to  overcome  the  cable  loss.  Tables  XXIX  and  XXX  show  very  low  VSWR's 
except  where  the  output  VSWR  of  serial  No.  1 reaches  1.62  at  16.2  GHz.  The 
phase  difference  (DP12)  in  Table  XXXI  shows  that  the  phase  of  serial  No.  1 is 
always  several  degrees  greater  than  serial  No.  2.  This  phase  difference  can 
be  centered  around  zero  degrees  by  making  the  cables  to  one  amplifier  slightly 
longer  than  the  cables  to  the  other  amplifier. 

Figure62  shows  the  finished  amplifier  in  the  2 x 2 x 11  chassis.  Figure  62 

shows  the  amplifier  with  the  lid  of  the  2 x 2 x 11  chassis  removed.  The  coaxial 

cables  between  the  lid  and  the  amplifier  may  be  seen.  The  components  of  the 
power  supply  mounted  on  the  printed-circuit  board  have  been  potted  in  Sylgard. 

The  spark-gap,  large  resistor  and  other  components  to  protect  the  power  supply 
from  high  voltage  power  line  transients  can  be  seen.  During  assembly  the 

amplifier  heat  sink  shown  in  Fig. 63  is  screwed  to  the  2 x 2 y 11  chassis. 

The  remaining  space  within  the  2x2x11  chassis  is  filled  with  a combination 
of  foam  and  Sylgard.  The  lid  is  then  screwed  onto  the  chassis. 

The  following  figures  and  tables  show  data  on  the  completed  10.7  to  18  GHz 
amplifiers.  The  cables  between  the  amplifier  and  the  lid  have  been  selected, 
installed,  and  the  chassis  potted.  The  units  appear  as  in  Fig. 62  . 

\ 
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TABLE  XXXI 
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SEPT  29,  1977 

10.  7 TO  18  GHZ  AMPLIFIER 
NO  CABLES 

S21  IN  DB 


S/N 

1 

S/N 

2 

FREG 

GAIN 

PHASE 

DG12 

DP  12 

GAIN  PHASE 

10600. 

41.  91 

. 2 

-.  23 

4. 

1 

42.  14 

-3.  9 

10800. 

42.  15- 

-133.  3 

10 

4. 

7 

42.  25-138.  0 

11000. 

42.  18 

95.  8 

. 06 

4. 

7 

42.  12 

91.  1 

11200. 

42.  23 

-35.  8 

. 18 

4. 

7 

42.  05  -40.  5 

11400. 

42.  05- 

-163.  8 

. 29 

4. 

4 

41.  76-168.  2 

11600. 

41.  87 

67.  5 

. 31 

3. 

8 

41.  57 

63.  7 

11800. 

41.  70 

-58.  9 

. 30 

3. 

6 

41.  40  -62.  5 

12000. 

41.  55 

176.  6 

. 28 

3. 

6 

41.  27  173.  0 

12200. 

40.  60 

56.  0 

. 44 

3. 

8 

40.  16 

52.  2 

12400. 

40.  79 

-69.  1 

. 13 

4. 

3 

40.  66  -73.  4 

12600. 

40.  63 

168.  5 

. 17 

3. 

0 

40.  47  165.  5 

12800. 

40.  68 

47.  1 

. 12 

3. 

6 

40.  55 

43.  5 

13000. 

40.  74 

-74.  7 

. 05 

3. 

4 

40.  69  -78.  1 

13200. 

40.  66 

164.  4 

-.  06 

3. 

2 

40.  73  161.  1 

13400. 

40.  74 

43.  9 

-.  20 

3. 

6 

40.  94 

40.  3 

13600. 

40.  98 

-77.  2 

-.  31 

4. 

2 

41.  29  -81.  4 

13800. 

40.  98 

161.  6 

-.  37 

5. 

1 

41.  35  156.  5 

14000. 

41.  16 

40.  9 

-.  38 

6. 

2 

41.  54 

34.  8 

14200. 

41.  23 

-79.  5 

35 

7. 

0 

41.  58  -86.  5 

14400. 

41.  49 

156.  4 

-.  32 

7. 

9 

41.  81  148.  5 

14600. 

41.  52 

35.  8 

-.  28 

9. 

2 

41.  80 

26.  6 

14800. 

41.  61 

-85.  2 

15 

10.  4 

41.  76  -95.  6 

15000. 

41.  85 

152.  1 

-.  02 

10. 

1 

41.87  141.9 

15200. 

41.  89 

30.  4 

. 06 

10.  2 

41.  83 

20.  3 

15400. 

41.  93 

-92.  5 

. 11 

9. 

5 

41.  82-101.  9 

15600. 

42.  06 

145.  5 

. 21 

9. 

1 

41.  85  136.  4 

15800. 

42.  21 

22.  1 

. 31 

9. 

0 

41.  91 

13.  1 

16000. 

42.  32 

-99.  8 

. 37 

9. 

1 

41.  95-108.  9 

16200. 

42.  56 

135.  7 

. 46 

8.  4 

42.  10  127.  3 

16400. 

42.  53 

10.  9 

. . 38 

7. 

0 

42.  15 

3.  9 

16600. 

42.  69- 

-114.  5 

. 35 

6. 

4 

42.  33-120.  9 

16800. 

42.  46 

122.  8 

. 19 

6. 

6 

42.  27  116.  2 

17000. 

42.  34 

-5.  0 

. 08 

6. 

5 

42.  25  -11.5 

17200. 

42.  33- 

-131.  7 

01 

6. 

3 

42.  33-138.  0 

17400. 

42.  51 

101.  3 

-.  02 

5. 

5 

42.  52 

95.  7 

17600. 

41.  96 

-27.  1 

-.  15 

7. 

5 

42.  1 1 -34.  6 

17800. 

41.  65- 

-155.  2 

-.  06 

8.  5 

41.  71-163.  7 

18000. 

41.  62 

75.  4 

01 

9. 

1 

41.  63 

66.  3 
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Figure  62 

Complete  10.7  to  18  GHz  Amplifier  and  Power  Supply 
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Final  ANA  data,  noise  figure,  power  output  at  1 dB  gain  compression  are  shown 
in  Tables  XXXII  and  XXXIII  and  in  the  Temperature  Test  data  in  Appendix  C. 
Tables  XXXII  and  XXXIII  show  an  ANA  listing  for  every  100  MHz  from  10.7  to 
18  GHz,  and  is  primarily  presented  to  show  the  phase  deviation  from  linear 
for  the  two  amplifiers.  Measured  data  compared  to  specification  requirements 
are  summarized  in  Table  XXXIV.  Most  specification  items  are  met  such  as  gain, 
gain  variation,  and  VSWR.  The  VSWR  is  higher  with  the  cables  as  would  be 
expected.  The  specifications  which  are  not  met  are  noise  figure,  gain  varia- 
tion over  any  0.5  GHz  band,  phase  variation  from  linear,  phase  matching 
between  amplifier  pairs,  and  safe  input  power.  At  operating  temperatures 
from  0°C  to  65°C  the  following  comparison  could  be  made  of  the  out-of-specifi- 
cation items. 


Specification 

S/N  1 

S/N  2 

Noise  Figure 

10  dB 

10.4  dB 

10.2  dB 

Gain  Variation  over  any  .5 

GHz  band  below  16.8  GHz 

.5  dB 

.84  dB 

.72  dB 

Phase  Variation  from  Linear 

O 

O 

+1 

±14° 

±13° 

Phase  Matching 

<5° 

<8.2° 

The  out-of-specification  items  are  seen  to  be  close  to  the  specification  limits 
over  the  restricted  temperature  range.  (In  our  proposal  we  said  we  expected 
the  phase  variation  from  linear  to  be  less  than  20°  and  phase  matching  less 
than  10°. ) 
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10.7  TO  18  CHZ  AMPLIFIER 
FINAL  DATA 
S/N  2 


Table  XXXIV 

Comparison  of  Specified  and  Measured  Data 


Frequency  Range  of  Operation: 
Input  and  Output  Impedance 
AC  Coupling  at  Input  and  Output: 
Stability: 


10.7  - 18  GHz 
50  ohms 


Amplifier  did  not' oscillate  with 
input  and/or  output  open  or  short 
ci  rcui ted 


Measurement 


Specification 

S/N  1 

S/N  2 

Gain: 

37  dB  (min) 

43  dB  (max) 

38.9  (min) 

41 .6  (max) 

(0°C  to  65°C) 

38.9  (min) 

41 .4  (max) 

Gain  Variation 

5 dB  (max) 

2.7  (max) 

(0°C  to  65°C) 

2.5  (max) 

Noise  Figure 

10  dB  (max) 

10.4  (max) 

10.2  (max) 

Input  VSWR 

2.5:1  (max) 

1.63:1  (max) 

2.11:1  (max) 

Output  VSWR 

2.5:1  (max) 

1.88:1  (max) 

1.47:1  (max) 

Spurious  Output  at 

1 dB  Gain  Com- 
pression Point: 

40  dB  below 

>40  dB 

>40  dB 

Gain  Variation  Over 
any  .5  GHz  Band: 

.5  dB 

.84  dB  (max) 

These  are  maximum 
frequencies  below 

.72  dB  (max) 
values  for  all 

16.8  GHz  (0°C  to  65°C) 

Reverse  Isolation: 

50  dB  (min) 

>68  dB  (min) 

>66  dB  (min) 

Phase  Variation  from 
Linear: 

±10°  (max) 

+13.9° 

-13.3°  (max) 

+11.1 

-12.5  (max) 

Phase  Matching  between 
Amplifier  Pairs: 

<5° 

(0° 

<8.2° 
to  65°C) 

Safe  Input  Power, 

CW  RF: 

+30  dBm  (min) 

+30  dBm 

+30  dBm 

10%  Duty  - Peak  Pulse: 

+50  dBm  (min) 

+50  dBm 

1%  Duty 

+50  dBm 

1%  Duty 
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As  was  mentioned  in  Section  III-C,  the  gain  of  M-107  gain  modules  fell  off 
too  rapidly  above  17  GHz  to  meet  the  0.5  dB/0.5  GHz  specification.  This  gain 
variation  can  be  seen  in  the  data  in  Tables  XXIX  and  XXX,  which  is  much 
smoother  than  the  Temperature  Test  data  of  Appendix  C.  This  measurement  is 
approaching  the  accuracy  of  our  ANA. 

Plots  of  gain  vs.  frequency  of  the  amplifiers  for  various  temperatures  before 
and  after  welding  the  amplifier  cases  are  shown  in  Figs.  64  and  65  Figure  64 
shows  the  measured  gain  of  the  amplifiers  before  welding,  plus  the  measured 
loss  of  the  cables.  Figure  63  is  for  the  complete  amplifiers  after  welding. 
The  corresponding  plots  in  Figs.  64  and  65  should  be  the  same.  However, 
welding  caused  both  amplifiers,  particularly  serial  No.  2,  to  show  a reduc- 
tion in  gain  between  11  and  14  GHz  at  -28°C.  Although  the  reduction  in  gain 
is  not  sufficient  to  go  below  the  37  dB  minimum  gain  requirement,  the  gain 
variation  over  any  0.5  GHz  band  aod  phase  matching  were  adversely  affected. 

In  Fig.  65,  it  is  seen  that  the  gain  of  each  amplifier  tracks  within  about 
1 dB  from  0°C  to  +65°C,  so  that  gain  .nation  over  any  0.5  GHz  band  and 
phase  matching  remain  nearly  constant  over  this  restricted  temperature  range. 
(A  6°C  difference  in  temperature  has  been  measured  between  the  amplifier  case 
and  the  2x2x11  chassis.  The  curves  in  Fig. 65  , therefore,  represent 
chassis  temperatures  of  -26°C,  24°C  and  64°C.) 

To  facilitate  delivery  of  the  amplifiers,  the  gain  dip  at  -28°C  was  not 
adjusted  for  since  this  would  mean  cutting  open  the  amplifier  welds. 

Figure  66  shows  plots  of  power  output  at  1 dB  gain  compression,  saturated 
power  output,  and  third  order  intercept  point  vs.  frequency  for  each  of  the 
two  amplifiers.  For  both  amplifiers  the  1 dB  compression  power  is  between 
+13.5  and  +15.5  dBm;  the  saturated  power  is  between  +16  and  +17  dBm;  and  the 
third  order  intercept  point  is  between  +23  and  +27  dBm. 

An  outline  drawing  of  the  2 x 2 x 11  chassis  is  shown  in  Fig.  67. 

Many  additional  tests  were  performed  on  these  10.7  to  18  GHz  amplifiers  toward 
meeting  the  requirements  of  the  "Statement  of  Work"  of  the  contract.  In 
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Power  Out  - dBm  Power  Out  - dBm 


Frequency  - GHz 
Figure  66 

Power  Output  - 10.7  to  18  GHz  Amplifiers 
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particular,  those  tests  in  Paragraph  6 of  the  "Statement  of  Work"  were  per- 
formed to  show  that  the  amplifiers  could  meet  all  of  the  requirements  of 
MIL-E-16400. 

The  Avantek  7 to  12  GHz  amplifiers  have  already  been  qualified.  Most  of  the 
electrical  performance  specifications  for  the  7 to  12  GHz  amplifiers  are  met 
by  these  10.7  to  18  GHz  amplifiers.  In  fact,  all  of  the  mechanical  and  elec- 
trical parts  shown  in  Fig.  61,  except  for  the  AC  power  connector  and  lid,  are 
common  with  those  used  in  the  qualified  7 to  12  GHz  amplifier.  The  same 
construction  techniques  are  used  inside  of  the  amplifier  cases. 

Because  of  the  similarity  between  the  7 to  12  GHz  and  10.7  to  18  GHz  amplifiers, 
it  is  felt  that  the  Humidity,  Shock,  Vibration,  Degree  of  Enclosure,  and  Elec- 
tromagnetic Interference  Emission  and  Susceptibility  Tests  could  be  easily  met 
by  the  10.7  to  18  GHz  amplifiers.  The  low  voltage  Transient  Voltage  and  Power 
Interrupt  Tests  were  performed  on  the  10.7  to  18  GHz  amplifiers;  this  data  is 
contained  in  Appendix  D.  Both  700  Volt  Transient  and  2500  Volt  Spike  Tests 
were  made  on  the  7 to  12  GHz  amplifier.  Stability  and  Spurious  Output  Tests 
were  made  on  the  10.7  to  18  GHz  amplifiers;  this  data  is  also  in  Appendix  D. 

Appendix  B gives  the  ANA  listing,  noise  figure,  and  power  output  at  1 dB  gain 
compression  for  the  four  7 to  18  GHz  amplifiers  added  onto  the  contract.  These 
are  serial  Nos.  37  to  40. 
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v. 


CONTRACT  CHANGE 


Near  the  end  of  the  contract  it  became  apparent  that  it  would  be  of 
mutual  advantage  to  the  Navy  and  Avantek  if  the  due  date  for  the  final  ampli- 
fier could  be  extended.  At  that  time  Avantek  efforts  to  build  implanted 
FETs  with  very  low  noise  figure  were  beginning  to  show  definite  signs  of 
success.  If  the  delivery  were  delayed,  it  would  mean  that  the  amplifier 
performance  would  be  substantially  improved.  For  example,  the  noise  figure 
would  be  about  2 dB  lower.  A request  for  a no-cost  extension  was,  therefore, 
forwarded  to  the  appropriate  Navy  Office.  A Contract  Modification  (#P00004) 
was  granted  on  August  26,  which  allowed  extended  delays  on  the  amplifiers  and 
final  report.  Avantek  continued  to  deliver  additional  monthly  progress  let- 
ters at  no  cost  until  the  amplifiers  were  delivered. 


VI.  MEETINGS 


A.  July  27,  1976,  at  Avantek 

Attended  by  Eliot  Cohen,  NRL,  and  other  Navy  personnel.  Presen- 
tation by  Avantek  device  and  amplifier  personnel. 

B.  October  19,  1976,  at  NRL 

Attended  by  NRL,  Navelex,  and  other  personnel.  Presentation  by 
Hejmanowski , Hooper,  and  Policky  of  Avantek. 

C.  April  19,  1977,  NRL 

Attended  by: 

NRL  - 13  people 

Navy  Electronics  System  Command  - 1 person 
Navair  - 1 person 
Avantek  - 4 people 
ECOM  - 1 person 

This  was  the  final  review. 

Several  informal  reviews  were  held  with  Mr.  Eliot  Cohen  at  Aventek  while  he 
was  present  in  the  Bay  Area. 
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Temperature  Measurements  on  7 to  18  GHz  Amplifiers 
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APPENDIX  B 

Data  on  the  Four  7 to  18  GHz  Amplifiers 
which  were  added  onto  the  contract.  Phase 
Matching  was  not  required. 


NO','  00  10.  ? 


0?  6 0888M 

Oh  3, 

b.-  l i 3f 


FREQ 

U5HR 

LHlh 

h LR i RHH3L 

RHH3L 

130L 

03MR 

il'xlRHR 

1 1U 1 9t 

MHZ 

IN 

LB 

66  uEO 

1‘L'v1 

jjB 

00  i 

5BM 

1 10 

7000 . 0 

1 . 23 

29.62 

1 . 09  -89 . 39 

6 f . 99 

53 . 3 » 

1 . 16 

15.6 

6.8 

7850. 0 

1.51 

30.21 

.51  152.25 

48.  44 

83 . 1 9 

1 . 1 1 

? 500 . 0 

1 . 68 

30 . -.-9 

. 22  39 . 56 

34 . 04 

60.  99 

1 . 0 1* 

.■  . 50  ■ 0 

1 • f 2 

30 . 55 

.16  — ( 1 • 28 

82.30 

84.69 

1 . 08 

80OQ . 0 

1 . 65 

30 . 65 

. 0 1'  1 r 9 . 6 c 

1 1 . 90 

91.19 

i.  iO 

15.8 

6.3 

8250.0 

1.57 

30.  75 

— . 03  i'  4 . 28 

3.  6f 

95.35 

1.13 

85O0 . 0 

1.51 

31.02 

-.29  -30.61 

-.40 

lli. 73 

1.14 

8750.0 

1 . 4 6 

3 1 . 32 

- . 60- 1 36 . 80 

-7.  19 

86. 05 

1 . 14 

9000  . O 

1 . 38 

3 1 . 49 

—.76  180.89 

-11.31 

91. 10 

1 . 13 

9250 . 0 

1 . 30 

31.63 

-1.10  16.21 

-17.  19 

86.33 

i.  15 

9500 . 0 

1.21 

31.85 

—1.12  —66.84 

— 21 . 43 

98 . 30 

1 . 81 

9750 . 0 

1.15 

32 . 1 O' 

-1.38  If  3. 38 

— C.d  m ‘“fC 

91.05 

i . 30 

1 0000  . O 

1.  13 

■I*  1 . 86 

- 1 . 10  7 0 . 4 V 

-cb. 53 

84 . 88 

1.41 

15.4 

6.3 

1O25O.0 

1.11 

3 1 . 93 

— 1 . 20  —29 . 43 

~~Ci  »*  ■ 5il! 

5 c . c 5 

1 . 58 

1 0500  . O 

1 . 08 

31.43 

— . f 0—  1 26'  • 62 

d i 9 i 1 

5 1 . . 

1.61 

1075O.0 

1.22 

3 1.79 

— 1.0 1'  1 29 . 43 

-31.  I.* 

89.40 

1 . 69 

1 1000.0 

1 . 4? 

31 . 49 

— . ( 6 3 1 . 84 

—33. 

88 . 43 

1 . 6 f 

11250.0 

1 . 78 

31.23 

-.50  -64.00 

-86. 99 

7 6 . 59 

1 . 64 

1 1 500.  0 

2.89 

30 . i'  i 

- . 04- 1 68 . 55 

-36. t 3 

80.45 

1.61 

11750.0 

2.30 

30. 57 

.15  1 02 . 08 

—33. 36 

83 . 33 

1 . 68 

12000.0 

2.31 

30  • 3 7 

. 34  6 . 85 

-19. 73 

83 . 34 

1 2 

15.8 

7.5 

12250.0 

2.  28 

29 . 96 

. i 5 —61 • 98 

-9 . 7 6 

f 4 . 4 1 

1.81 

1 2500 . 0 

1.6  7 

29 . 53 

1.1 9— 178. 40 

— f . 43 

92.78 

1 • 7 4 

12750.0 

1 . 33 

29.6  ? 

1 . 04  66 . 35 

~3. 8;  3 

83 . 53 

1 . 7 3 

13000.0 

1.04 

30 . 30 

. 42  —7.1 3 

1 . 46 

5c . 

1 . 69 

13250.O 

1.24 

30.58 

. 13-101 . 97 

5 . 43 

55 . 55 

1 . 64 

1 350O . O 

1 . 54 

30.  70 

.08  158.88 

4".  43 

89.58 

1 . 60 

13750.0 

1 . 73 

0 ■ Oil 

-.10  59.64 

4 . 63 

84 . 88 

1 . 50 

14000.  0 

• 1.60 

30 . 98 

— . 86  —35 . 99 

f • 80 

95. 44 

1 . 40 

16.4 

8.0 

14250.0 

1 . 74 

30 . 34 

. It'  1 66 • 38 

9.  08 

90.  64 

1‘  a C f 

14500. 0 

1.61 

30.  53 

.18  1 30 . 36 

11.96 

93.78 

1.13 

14750.O 

1 . 42 

30 . 64 

. 07  38 . 69 

12.8  7 

102.98 

1 . 04 

1 5000  . O 

1.31 

30.94 

— .28  —66.46 

18.31 

93.15 

iiCii' 

15250.0 

1 . 37 

30.7? 

-.04-163.69 

1 1 . 88 

104.07 

1 a 1*4 

15500.0 

1 . 49 

29 . 94 

. i 8 9 f • 63 

14. 88 

84 . 86 

5 a 5 1* 

15750.0 

1 . 58 

30.01 

.70  1 . 07 

1 6 . 44 

100.58 

5 a 6& 

1 6000 . 0 

1 . 55 

30 . 60 

.11  -97.73 

16.44 

84.99 

C a ■•'f 

16.9 

8.8 

1 6250 . 0 

1 • 46 

31.06 

- . 34  1 68 . 44 

15.  40 

f 4 . 43 

5 a 15 

165O0.0 

1 . 36 

3 1.6  7 

- . 94  68 . 64 

1 4 . 40 

f f • 88 

5.  it) 

16750.O 

1 • 23 

30 . 94 

-.88  -40.99 

9. 57 

7 6. 1 4 

1 a 33 

1 7000 . 0 

■ 1 . 25 

30.34 

. 38— 1 48 . 96 

6.  40 

68.34 

1 a 75 

17250.O 

1 . 48 

29.94 

. f 8 11 0 . 82 

-1.01 

f 4 . 38 

1 a 6& 

1 750O . O 

1.52 

29.88 

.83  11.1 9 

-1.84 

: 'It*1. 

1 1— . , -1 

i a 53 

1 ( 50 . 0 

1 . 59 

29 . 83 

.89  -98.36 

-6.  V 8 

64.87 

laCltl 

1 8000 . 0 

1 a *4  1*' 

28.90 

1.81  159.86 

-15.5,- 

66.48 

i a 1 7 

15.2 

8.7 

LI MERR- 
IER? I ON 
RRMOL 


7 000 . 0 t 000 . 0 

1 0 1 0 

1 0000 . 0 i 0000 . 0 
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>a&e  is  best  QUALITY  mciWAM*. 


UBY  is  £0758 
12/2'?? 


3F  6-0882 
F lhHL  It5l 
3Wl  38 


FREQ 

USHR 

GHIh 

FL8T  RHftSE 

FHH3E 

.130L 

08WR 

1DBPWR 

NOISE 

MHZ 

1M 

LB 

Lb  BEG 

BEU 

BB 

OUT 

DBM 

FIG 

7000.0 

1 . 30 

30.35 

-.17  74.23 

69.39 

*119.73 

1.06 

11.0 

6.3 

7200.0 

1.39 

O0  . O-J 

—.18  —26. 27 

54.56 

3 . 85 

1.05 

7400.0 

1 . 46 

30.23 

— . 11  — 1 1— - ■— * . 36 

48. 15 

83.40 

1.04 

76OO.0 

1 . 48 

30.54 

-.37  139.12 

30. 31 

86.90 

1.04' 

73O0.0 

1 . 46 

30.5? 

-.39  45. 10 

21. 

88. 19 

1.06 

8000.0 

1.44 

30.70 

-.52  —43.60 

12.90 

100.51 

1.08 

11.8 

6.2 

820O.0 

1 . 33 

30.33 

— . » 0—  1 4c.  .0c 

4.  6b 

r-c-  vO 
Ou.  wb 

1.12 

840O.0 

1 . 31 

30.8? 

-.t>9  127.24 

— . 89 

86 . 8? 

. 1. 15 

86O0.O 

1 . C<j 

30 . 36 

-.69  35.33 

-7 . 53 

98.92 

1.19 

8308 . 0 

1.21 

30.7? 

-.60  -54.80 

-12.58 

83.07 

1.22 

30OO.0 

1.1? 

30.  74 

— . 57'— 142. 95 

-15.54 

. 6*6 

1.25 

12.2 

S.2 

920O.O 

1.15 

30.91 

— . f 4 1 23 . 1 »' 

—19. 24 

88.42 

1.2? 

94OO.0 

1. 13 

30.31 

— . 64  40 . 50 

—2 1.73 

79.84 

1.30 

9600.0 

1.12 

30. 7 3 

-.56  -46.5'8 

-23. 63 

9? . 09 

1.29 

9800.0 

1.10 

30.79 

— . 68—134 . 34 

-26. 19 

82. 54 

1.30 

10000. 0 

1 . 09 

ot1  - 68 

—.45  1 40 .74 

. C.  >'  . 

I—-.1  • 

88. 69 

1.29 

12.0 

6.5 

10200.0 

1 . 05 

30.61 

—.44  53.72 

—27 .76 

81.44 

1 . 26 

104O0.0 

1 . 06 

30.43 

—.26  —31.6? 

-27.95 

79.08 

1.23 

18600.0 

1 . 07 

30.2? 

-.09-116.39 

—27 . 49 

7 8.35 

1.20 

10300. 0 

1.14 

30.24 

—.06  157.76 

—28. 16 

83. 14 

1.1? 

11000.0 

1.22 

29.93 

.19  74.69 

-86. 06 

79.  b? 

1.15 

12.4 

7.5 

11200.0 

1.32 

29  .ft' 

.39  —8.63 

<1  .•  ■r  .c 

— cn . 

86.  £6 

1.14 

- 

114O0.0 

1.41 

29.61 

.56  -91.72 

-88. 10 

81.03 

1.14 

116O0.O 

1.43 

29.52 

• 64—  1 ( c . 6w" 

-17.85 

88. 03 

1.13 

11S0O.0 

1.51 

29.63 

.49  103.19 

—16. 84 

83.32 

1. 11 

12000.0 

1.52 

89.76 

.40  21.86 

-18,98 

93.92 

1.11 

13.2 

7.6 

12200.0 

1.4? 

30.49 

-.32  -60.45 

-10.11 

86.08 

1.10 

12600.0 

1.42 

30.  14 

• 0C  1 88 .52 

-5  .<8 

90.78 

1.1? 

12300.0 

1.40 

30. 18 

-.01  49.30 

-4.82 

95.89 

1.20 

13000.0 

1.44 

30.  10 

. 06  —34 . 52 

.—8.  4 -j 

84.38 

1.25 

12.3 

7.3 

13200.O 

1.49 

80.0  7 

.09—11? .61 

1 . -J6 

82.  16 

1.29 

134O0.0 

1.54 

29.9? 

.19  157.0? 

-1.50 

90. 42 

1.32 

13600.0 

1.55 

29.33 

.33  75.32 

1.93 

89.30 

1.32 

13S0O.0 

1 . 55 

89.85 

.32  —7 . 89 

3.90 

89.95 

1.31 

14000.0 

1.5? 

89.30 

.36  —90.72 

6.85 

89 . 83 

1 . cS 

13.4 

7.3 

14200.O 

1.5? 

29. 7 3 

. 43—1? 1 . 8? 

10.89 

92.91 

1.23 

14400.O 

1.56 

89.  i'5 

.41  103.20 

10.34 

90.64 

1.17 

1460O. O 

1.56 

29.95 

.21  21.42 

13.  96 

87.99 

1.11  ‘ 

148O0.0 

1.4? 

29.94 

. 22  —61. 5*4 

16. 18 

84.  b9 

1.10 

15000.0 

1.42 

30.01 

. 16— 146. 71 

16.80 

80.87 

1.1? 

13.7 

7.4 

152O0.0 

1.35 

30. 14 

.02  129.6? 

17.76 

93.32 

1.24 

15400.0 

.1.29 

30.  16 

. 00  44 . 1 ? 

17 . 43 

85.84 

1.33 

156010.0 

1 . c'b 

30. 18 

— •£’1  —39.92 

18.33 

94.88 

1.38 

. 

15308.0 

1.24 

30.3? 

— • 20— 1 24 • 62 

19.01 

84.51 

1.40 

16000. O 

1 . 26 

30.  41 

-.24  149.15 

17.95 

85.24 

1.44 

14.0 

7.8 

1620O.0 

1.30 

30.54 

— . 36  6-2 . 95 

16.94 

7 8. 7'6 

1 . 43 

16400.0 

1 . 39 

30.  7 4 

— . 36  — c-t . 7 6 

14.  m2 

. 7 9.13 

1.38 

16600.O 

1.42 

30.  44 

— . C 7 — 1 1 c . i 5 

11.68 

82.98 

1.29 

163O0.0 

1.45 

30.34 

-.1?  15:9.28 

8. 82 

7 6. 83 

1.24 

17000.0 

1.49 

30.  16 

. 01  7 1 . 44 

6.  17 

7 5. 25 

1.14 

13.1 

7.9 

17 2OO.0 

1.5? 

29.  64 

.32  -19. 18 

. f 2 

i'5.  f 4 

1. 16 

17400.O 

1 . 69 

29.50 

■ b?  — 1 09 . 66 

-4.56 

7 4.36 

1.23 

17600.O 

1.69 

29. 15 

1.02  161.12 

-8.59 

7 4.59 

1.34  • 

178O0.O 

1 . 72 

■ i*  c* 

1 . 39  69 . 6b 

- 1 4 . 88 

7 8. 27’ 

1.39 

1SO00.0 

1 . ? 4 

27.99 

Call  — c3 . C0 

—84 . 58 

67 . 31 

1.40 

12.0 

8.3 

LlNEfiR- 

7000.0 

7 000. 0 

• 

IZfiTION 

10 

10 

RFlHGE 

18000.0 

18000.0 

/»*!>  fKG£  IS  Bfi  ■ ' 

ftMjii  oon  FUKM1SHE2  TO  M . 
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DBY  18  20758 
DECEMBER  14,  1977 

SF6-0882 
FINAL  TEST 
S/N  39 


FREQ 

VSWR 

GAIN 

FLAT  PHASE 

PHASE 

I SOL 

VSWR 

1DBPWR 

MHZ 

IN 

DB 

DB  DEG 

DEV 

DB 

OUT 

DBM 

7000.  0 

1.  71 

28.  84 

-.70  51.85 

67.  31 

78.  28 

1.  30 

12.6 

7250.  0 

1.  75 

28.  82 

-.  68  -73.  56 

49.  37 

78.  08 

1.  30 

7500.  0 

1.  68 

28.  91 

-.  77  161.  87 

32.  26 

86.  19 

1.  30 

7750.  0 

1.  57 

28.  83 

-.  69  43.  91 

21.  77 

81.  84 

V.  30 

8000.  0 

1.  44 

28.  92 

-.  78  -75.  17 

10.  14 

85.  26 

1.  31 

10.1 

8250.  0 

1.  31 

29.  06 

-.  92  170.  28 

3.  05 

81.  69 

1.  30 

8500.  0 

1.  22 

29.  09 

-.  95  54.  88 

-4.  88 

85.  76 

1.  24 

8750.  0 

1.  20 

29.  19 

-1.  05  -58.  19 

-10. 47 

81.  32 

1.  17 

9000.  0 

1.  19 

29.  36 

-1.  22-169.  63 

-14.  46 

91.  45 

1.  10 

12.0 

9250.  0 

1.  17 

29.  36 

-1.22  78.00 

-19.  38 

82.  80 

1.  07 

9500.  0 

1.  11 

29.  38 

-1.  24  -32.  62 

-22.  55 

92.  01 

1.  09 

9750.  0 

1.  03 

29.  43 

-1.  29-143.  27 

-25.  74 

80.  86 

1.  12 

10000.  0 

1.  07 

29.  26 

-1.  12  105.  44 

-29.  57 

90.  90 

1.  16 

11.8 

10250.  0 

1.  19 

29.  05 

-.91  -3.  06 

-30.  61 

77.  65 

1.  18 

10500.  0 

1.  34 

28.  64 

-.  50-111.  36 

-31.  44 

89.  44 

1.  19 

10750.  0 

1.  49 

28.  28 

-.  14  142.  11 

-30.  52 

84.  19 

1.  19 

11000.  0 

1.  61 

27.  84 

. 29  35.  43 

-29.  74 

78.  53 

1.  21 

10.8 

11250.  0 

1.  70 

27.  46 

. 67  -68.  17 

-25.  88 

81.  22 

1.  24 

11500.  0 

1.  73 

27.  15 

. 98-171.  93 

-22.  18 

89.  90 

1.  23 

11750.  0 

1.  71 

27.  11 

1.02  84.92 

-17.  87 

86.  28 

1.  21 

12000.  0 

1.  64 

27.  02 

1.  11  -18.  66 

-14.  00 

89.  64 

1.  18 

13.4 

12250.  0 

1.  53 

26.  98 

1.  15-122.  50 

-10.  37 

78.  37 

1.  16 

12500.  0 

1.  39 

26.  92 

1.21  134.83 

-5.  59 

88.  74 

1.  15 

12750.  0 

1.  26 

27.  03 

1.  10  30.  42 

-2.  55 

84.  99 

1.  18 

13000.  0 

1.  15 

27.  10 

1.  03  -72.  32 

2.  15 

84.  47 

1.  21 

11.7 

13250.  0 

1.  11 

27.  25 

. 88-178.  46 

3.  48 

96.  76 

1.  23 

13500.  0 

1.  20 

27.  37 

. 76  78.  76 

8.  16 

84.  73 

1.  22 

13750.  0 

1.  32 

27.  46 

. 67  -26.  95 

9.  90 

90.  68 

1.  21 

14000.  0 

1.  43 

27.  58 

. 55-131.  94 

12.  36 

99.  03 

1.  25 

12.4 

14250.  0 

1.  51 

27.  44 

. 69  120.  57 

12.  33 

85.  12 

1.  29 

14500.  0 

1.  55 

27.  46 

. 67  17.  16 

16.  37 

92.  96 

1.  32 

14750.  0 

1.  54 

27.  40 

. 73  -88.  51 

18.  16 

86.  75 

1.  32 

15000.  0 

1.  50 

27.  50 

. 63  166.  66 

20.  80 

115.  37 

1.  28 

11.0 

15250.  0 

1.  40 

27.  71 

. 42  59.  19 

20.  78 

90.  98 

1.  21 

15500.  0 

1.  31 

27.  81 

. 32  -47.  08 

21.  97 

91.  50 

1.  15 

15750.  0 

1.  24 

27.  99 

. 14-155.  76 

20.  73 

78.  31 

1.  26 

16000.  0 

1.  18 

28.  08 

. 05  96.  27 

20.  23 

78.  75 

1.  39 

13.6 

16250.  0 

1.  21 

28.  14 

. 00  -13.  33 

18.  09 

94.  14 

1.  50 

16500.  0 

1.  19 

28.  14 

. 00-125.  01 

13.  86 

77.  69 

1.  58 

16750.  0 

1.  15 

28.  33 

-.  19  125.  53 

11.  87 

76.  25 

1.  60 

17000.  0 

1.  10 

28.  58 

-.  44  12.  47 

6.  26 

75.  42 

1.  48 

14.4 

17250.  0 

1.  13 

28.  57 

-.  43-103.  02 

-1.  76 

90.  18 

1.  41 

17500  0 

1.  20 

28.  39 

-.  25  139.  63 

-11.  65 

69.  38 

1.  18 

17750  0 

1.  27 

28.  27 

-.  13  21.  36 

-22.  46 

75.  54 

1.  13 

18000  0 

1.  39 

27.  48 

. 65-101.  35 

-37.  72 

69.  29 

1.  29 

13.6 

’NT  AP- 

7000.  0 

7000.  0 

<*T  ION 

TO 

TO 

"4MOC 

18000.  0 

18000.  0 

NOISE 

FIG 


DLCEMULK  20.  1977 

SF6-08B2 
. FINAL  TEST 
S/N  40 


FREQ 

VSWR 

GAIN 

FLAT  PHASE 

PHASE 

I SOL 

VSWR 

1DBPWR 

NOISE 

MHZ 

IN 

DB 

' DB  DEG 

DEV 

DB 

OUT 

DBM  ■ • 

FIG 

7000.  0 

1.  71 

28.  73 

-.  25  56.  07 

60.  51 

85.  92 

1.  02 

10.6 

6.1 

7250.  0 

1.  81 

28.  40 

. 07  -70.  49 

41.  76 

90.  74 

1.  09 

7500.  0 

1.  80 

28.  18 

. 29  166.  33 

26.  39 

86.  02 

1.  16 

7750.  0 

1.  70 

28-  09 

. 38  50.  70 

18.  57 

83.  18 

1.  19 

8000.  0 

1.  57 

28.  24 

. 23  -66.  97 

B’.  70 

88.  31 

1.  19 

12.2 

6.0 

8250:  0 

1.  45 

28.  60 

12  178.  69 

2.  16 

88.  63 

1.  17 

8500.  0 

1.  35 

28.  81 

-.  33  62.  75 

-5.  95 

91.  77 

1.  16. 

8750.  0 

1.  31 

28.  92 

44  -51.  17 

-12.  07 

97.  02 

1.  16 

9000.  0 

1.  31 

29.  09 

-.  61-162.  29 

-15.  38 
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APPENDIX  C 

Temperature  Measurements  on  10.7  to  18  GHz  Amplifiers 
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appendix  d 


Portions  of  the  Qualification  Test  Procedure  and  Funtional  Test 
Procedure  for  the  qualified  7 to  12  GHz  amplifier  have  been 
copied.  Using  these  test  procedures,  Power  Line  Transient  and 
Power  Interrupt,  and  Stability  Tests  were  made  on  the  10.7  to 
18  GHz  amplifiers. 


EXCERPTS  FROM  QUALIFICATION  TEST  PROCEDURE 
QTP-760510 


5.19  Steady-State  Voltage  and  Frequency  Test 

a)  Connect  the  equipment  necessary  to  measure  Small -Signal  Gain  in 
accordance  with  FTP-760510.  Energize  the  amplifier  by  supplying 
115  Volt,  60  Hz  power  to  the  AC  input.  Maintain  this  condition 
for  a minimum  duration  of  15  minutes.  Measure  and  record  Small- 
Signal  Gain. 

b)  Change  the  input  power  to  103.5  Volts  at  57  Hz.  Maintain  this 
condition  for  a minimum  of  15  minutes.  Measure  and  record  Small - 
Signal  Gain. 

c)  Change  the  input  power  to  126.5  Volts  at  57  Hz.  Maintain  this 
condition  for  a minimum  of  15  minutes.  Measure  and  record  Small- 
Signal  Gain. 

d)  Change  the  input  power  to  126.5  Volts  at  420  Hz.  Maintain  this 
condition  for  a minimum  duration  of  15  minutes.  Measure  and 
record  Small -Signal  Gain. 

e)  Change  the  input  power  to  103.5  Volts  at  420  Hz.  Maintain  this 
condition  for  a minimum  duration  of  15  minutes.  Measure  and 
record  Small -Signal  Gain. 

5.21  Transient  Voltage  Test 
5.21.1  Upper  and  Lower  Limit  Test 

a)  Connect  the  test  equipment  necessary  to  measure  Small-Signal  Gain 

in  accordance  with  FTP-760510.  Energize  the  amplifier  by  connecting 
115  Volts,  60  Hz  power  to  the  AC  input. 

b)  Manually  adjust  the  AC  power  to  135  Volts,  60  Hz.  Maintain  this 
condition  for  a minimum  duration  of  2 seconds.  Manually  adjust 
the  AC  power  to  115  Volts,  60  Hz.  Measure  and  record  Small -Signal 
Gain. 

c)  Manually  adjust  the  AC  power  to  94  Volts,  60  Hz.  Maintain  this  con- 
dition for  a minimum  duration  of  2 seconds.  Manually  adjust  the 

AC  power  to  115  Volts,  60  Hz.  Measure  and  record  Small -Signal 
Gain. 


0-1 


d)  Manually  adjust  the  AC  power  to  115  Volts,  400  Hz.  Manually 
adjust  the  AC  power  to  135  Volts,  400  HZ.  Maintain  this  con- 
dition for  a minimum  duration  of  2 seconds.  Manually  adjust 
the  AC  power  to  115  Volts,  400  Hz.  Measure  and  record  Small  - 
Signal  Gain. 

e)  Manually  adjust  the  AC  power  to  94  Volts,  400  Hz.  Maintain 
this  condition  for  a minimum  duration  of  2 seconds.  Manually 
adjust  the  AC  power  to  115  Volts,  400  Hz.  Measure  and  record 
Small -Signal  Gain. 

5.23  Transient  Frequency  Test 

a)  Connect  the  test  equipment  necessary  to  measure  Small -Signal  Gain 
in  accordance  with  FTP-760510.  Energize  the  amplifier  by  con- 
necting 115  Volt,  420  Hz  power  to  the  AC  input. 

b)  Manually  adjust  the  frequency  of  the  AC  power  to  433  Hz.  Main- 
tain this  frequency  for  a minimum  duration  of  2 seconds.  Manually 
adjust  the  frequency  of  the  AC  power  to  420  Hz.  Measure  and 
record  Small-Signal  Gain. 

c)  Manually  adjust  the  frequency  of  the  AC  power  to  57  Hz.  Maintain 
this  frequency  for  a minimum  duration  of  2 seconds.  Manually 
adjust  the  frequency  of  the  AC  power  to  55  Hz.  Maintain  this  con- 
dition for  a minimum  duration  of  2 seconds.  Manually  adjust  the 
frequency  of  the  AC  power  to  57  Hz. 

5.27  Power  Interruption  Test 

a)  Connect  the  test  equipment  necessary  to  measure  Small-Signal  Gain 


in  accordance  with  FTP-760510.  Energize  the  amplifier  by  connecting 
115  Volt,  60  Hz  power  to  the  AC  input, 
b)  Disconnect  the  AC  power  for  3 to  4 seconds  and  then  reconnect  it. 


EXCERPTS  FROM  FUNCTIONAL  TEST  PROCEDURE 
FTP-760510 


Procedure 

a)  For  calibration,  connect  the  test  equipment  as  shown  in  Fig.  1. 

b)  Adjust  the  vertical  sensitivity  of  the  X-Y  plotter  for  ldB/inch. 
Adjust  the  horizontal  sensitivity  of  the  X-Y  plotter  for  8 inches 
of  travel  from  the  sweep  generator  sweep  output,  with  the  sweep 
width  set  for  10.0  to  18.0  GHz. 

c)  Adjust  the  X-Y  plotter  pen  position  using  the  DC  control  on  the 
log  level  meter.  Run  a frequency  calibration. 

e)  Insert  the  UUT  with  the  40  dB  gain  standard  pad  in  series  with 
the  input  as  shown  in  Fig.  2. 

f)  Record  the  unit  gain  curve. 


VOLTAGE  AND  FREQUENCY  TEST 


TRANSIENT  VOLTAGE  TEST  - UPPER  AND  LOWER  LIMIT  TEST 


TRANSIENT  VOLTAGE  TEST  - UPPER  AND  LOWER  LIMIT  TEST 
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EXCERPTS  FROM  FUNCTIONAL  TEST  PROCEDURE 
FTP-760510 

5.5  Stability  Test 

5.5.2  Test  Procedure 

a)  Connect  the  test  equipment  and  UUT  as  shown  in  Fig.  7a.  Adjust 

the  spectrum  analyzer  scan  width  to  200  MHz/div;  connect  the 
input  of  the  UUT  test  to  the  50  ohm  termination. 

b)  Move  the  shorted  stub  in  and  out  at  least  5 cm  repeatedly  while 

slowly  scanning  the  spectrum  from  100  MHz  to  18  GHz.  Note  any 
signals  greater  than  10  dB  above  the  noise  floor  100  MHz  to  18 
GHz. 

c)  Disonnnect  the  50  termination  from  the  input.  Repeat  Step  b. 

d)  Connect  the  test  equipment  and  UUT  test  as  shown  in  Fig.  7b. 

Connect  the  output  of  the  UUT  to  the  50  ohm  termination. 

e)  Move  the  shorted  stub  in  and  out  at  least  5 cm  repeatedly  while 

slowly  scanning  the  spectrum  from  100  MHz  to  18  GHz.  Note  any 
signals  greater  than  10  dB  above  the  noise  floor. 

f)  Disconnect  the  50  ohm  termination  from  the  output  of  the  coupler. 
Repeat  step  e. 

g)  The  amplifier  is  stable  if  no  signal  was  identified  at  a power 
level  greater  than  10  dB  above  the  noise  floor  as  viewed  on  the 
display  of  the  spectrum  analyzer. 
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